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~ ABSTRACT

‘World trends in the landfilling of municipal solid waste, and the design of landfill covers are
revxevs'ed Current approaches to solving leachate problems associated with landfills emphasise
the use of lanctﬁh liners and leachate collectmn systems.

'I'he installation of liner and leachate treatment systems is expensive. Flirthermore, the lives of
siich systems are hkely to be shorter than the time over which the landfill will continiue to erit
poliatants, The use of landfill covers (wh.lch are relatively cheap) to eliminate or minimise
leachate productmn is therefore an attractive proposition. The pnnmple behind usi. , ~overs to -
solve leachate problems is their ablity to alter the water balance of the landfill, N '

: ‘The principle of the water balarice is reviewed. Existing methods of computing each component. ' _

of the water balance, as well as methods of ca.lculatmg the movement of moisture in porous
medis, are discussed,

" Afield study nf the water balance for a pamcular landfill is described. In the study, techmcal

and geohydrological properties of the landfill were measured, Moisture and cunta_nunant

: migration within the landfill were studied by sampling the landfill profile directly, and by

monitoring suction in situ. Infiltration into, and runoff from the surface of the landfill have also

" been measured.

. 'The results of the field study indicate that the landfill is not producing leachate, and that the vse

of a simple soil cover of appropriate material js adequate to eliminate leachate p_roductidn_,
under suitable climatic eonditions,

Predictions of leachate generation for the site have been made using current methods of
comptiting the water balance. These predictions are compared to the results of the field tests.

The major short-comings of current methods of computing moisture movement in landfills and
landfill water balances are discussed, Recommendations for improving the evaluation of landfill

“cover performance are made.
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SUMMARY OF CONTEN' S
: Thxs dissertation is divided into four parts as follows:

Part one consists of ﬁvo chapters and deals with a literature review on current landff)! -.g
practice. Part two comprises five chapters, dealing with a hterature revie * of ﬂlet!wds of :
'-computmg water balances, « id moisture movement in porous meddia, Part tlnee deﬂcﬂbes field
 tests undertaken at Linbro Park landfill site, to assess the water balance. Computatmns of the
water balance are compared to the field data. Part three coriprises five chapters Pan .our
comprises one chapter. only, In this chapter, moisture and contaminant migration in Coastal Park
landfill are dlscussec‘ ' '

The sur_narised table of tontents is a5 follows:

[ntroduction :

Part One - Literature Review of Curvent Landﬁlling Practlce

1, Review of Landfilling Practice _ :

2. Landfill Covers - Current Practice

Part Two - Literature Review of the Water Balance

3. Introduction to Water Balance and Soil Moisture Movement
4, Literature Review on Quantifying Infiltration

5 Literature Review on Quantifying Evapotranspiration -

6. Literature Review on Quantifying Storage and Redistribution
7 Assessiﬁg the Water Balanice ~ By Calculation and in the Field
Part Three - Fleld Tests at Linbro Park |

8, The Test Site - Location, History and Physical Properties
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11 In Situ Water Content and Suction Monitoring in Upper Landfilt I..ayeré
12,  Predictions of Leachate Production for Linbro Park Landfill
 Part Four - Fleid Tests at Cogstal Park

13,  Contaminant Mlgratmn at Coastal Park Landfill
Conclusions |
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" INTRODUCTION

The world’s p‘npulnﬂon hag been increasing i'apidly for centuries, and has become more. : '

* and more consumer orientated. This has led to a continual increase in the production
of gnods Changes in technology and society have led to an increass in demand for
~ disposable, and packaged goods. These goods and the packaging ultimate Hecome
“waste. The mcrease.d pmducnon of gouds has therefore lead to mcreased waste

| generauon

Alarge prbpbﬂion'of society’s waste is produced in our households. Things such as food ~

- waste, garden waste, paper, cans, bottles, plastic bags, form part of our refuse. If not
* collected, and disposed of in & sanitary manner, vermin and disease are likely to abound.

Man’s olution has always teen to dump his refuse somewhere; anywhere, out of the
way, Seas, rivers, and tracts of unused land, (often otherwise unusabie land such as
marshland “or old quarries) have been favourite dumping places.

Household refuse has, until recently been thought of as *harmiess’, if dumped out of the
way. It is now knawn that these 'harmless’ wastes are capable of pullutmg the

environment.

Apart from thoge types of ‘harmless’ waste mentioned above, our household waste
contains some toxic materials. Paints, solvents, bafteries, printing inks, pesticides,
refrigerants, polishes, disinfectants, adhesives, pool chemicals, are some of these, which
take household waste anything but harmless,

‘The reahsanon that our wastes are threatenmg our grouudwater, surface waters, and

atmosPhere has caused society to seek safer ways of managmg its waste

Those waste technologies which are in common use at present are; incineration;
recycling; and landfilling. Bach of these, however, has its own drawbacks.
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Tncineration reduces the volume of wiste substantially, but noxious gases can be givenl
off into the atmosphere, The residues from the process have to be disposed of by
* lundfilling, and can then produce noxious leachate, Incineration also mvolves the expense
of building and mnmng an incinerator.
Recycling presents the difficulty of separating out different types of waste, Also, the
cjuality_ of recycted products is not always as high as those made from virgin materials,
and it may be more expensive to recycle goods, than it is to produce them from new
materials, In any event there will always be some proportion of waste which cannot be
recycled

At present the most pcibuiar waste disposal technology in the world, and certainly in
South Affrica is that of landfilling, Landfilling uses a lot of land, usually within city Limits.
Unless otherwise useless sites; {e.g. worked out quarries) are used, landfilling must take
place on sites which might otherwise be used for housing, or industry, The major
problem which accompanies iandfil' sites is, however, the generation of leachate,
Leachate is a polluted liquid wh.: 1 is formed as water percolates through the waste, If
it is not intercepted, collected and tresitd, it may enter groundwater systems and surface
waters and pollute them, Flamimable and reactive gases which are emitted from landfills
can also be problematical,

Landfilling, however, remains the most cost-effective method of waste disposal in most
parts of the world, Increased awareness of its attendant problems, and the solution of
these problems by scientific developments, as well as more careful site selection, and site
management, may lead to safer landfills for the future. '

The work described in this dissertation i ajmed at minimizing problems caused by
leachate, produced by municipal waste landfills,

10



CHAPTER 1

. REVIEW OF LANDFILLING PRACTICE

1 POLLUTION BY LANDFILLS

"The principal concern associated with the practice of _laﬂ'dfilling is the question of "pollution. In
assessing the likely impacts of pollution, the nature of substances emitted (and therefore the
fiature of the wastes discarded, and the changes they undergo within a landfill), as well as the
mecharisms of transport of pollutants, need to be known,

11 Quantities and Composition of Refuse

The sheer quantity of waste which is produuéd in the world s wortying when one
conisiders that it kas to be disposed of somehow, and In disposing of it pollution is likely
to be generated, '

Quantities of municipal waste generated in the world today are of the order of 0.5 kg
to 2.5 kg per capita per day. South Africa produces an estimated 1 kg of municipal
refuse per person, per day, and a total of 12 to 15 million tons per year.(Carra and
Cossu, 1990%; CSIR, 1991)

Paper comprises between 20% and 50% of municipal waste (by mass), wotldwide. The
figure for glass lles between 5% and 15% . Figures for plastic are similar, while metal
forms between 2% and 10% of world municipal waste, Organics make up between 10%
and 45% of the world's municipal waste, (Caria and Cossu, 1990; Plastics Federation of
South Africa, 1990) '

* Survey published 1990, carried out in Justwia, Canada, Danmark,
PFinland, France, Germany, Italy, Japan, Nethorlanda, Poland, South Afrloa,
Sweden, Swiktzerland, UK,USA '

1



The corresponding figures for South Africa are;

paper: 15%-35%
plass: 12%
plastic: 10%
. metal: 8%
organics: 30%-45%
(Carra and Cossu, 1990)

In some communities in South Africa ash foims a major portion of household waste -
up to 43%, (Hojem, 1988)

The majority of the paper, glass, plastic and metal does not decorapose within a landfill, Noxious.
substances are, however released from these materials,

Small quantities of toxic materdals are present in municipal waste, Paints, printing inks, solvents,

batterles, pesticides, refrigerants, disinfectants, adhesives, pool chemicals are examplas of soutces

of such substances, ' :

The release of readily bio-degradable organic substances from a landfill constitutes a threat to-
the environment also, When these substances enter groundwater or surface water they

decornpoée, depleting the oxygen in the water body. The oxygen depletion damages ecosystems

dependent on the water body,

12 Decompbsitiun Mechanisms

Within the body of a landfill, chemical, physical, and biological processes occur which
cause the waste to decompos:. The fact that the waste within a landfil} is ot Inett,
causes pollutants to be emitted, Water plays a big role in the generation and transport

. of pollutants. Moisture eqtering the landfill percolates through the waste, sxiracting
contaminants, to form leachate’ which may eventually reach and pollute the groundwater
in the region,

12
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Gases are also formed by decomposition pracesses within the landfill. These move out

of the tops and the sides of the landfill into the atmosphere and groundwater.

The processes by which substances are extracted, and leachate and gos are generated are

described_ below,

~ Physical and Chemical Decompogition

Physical decomposition oceurs mainly by rinsing of materials from the waste,
Chemical decompclsiticin includes chiemical reactions such as precipitation,

- adsorption, desorption, and dissolution, The leachate compos.ition affects the
degree to which materials in the landfill dissolve. pH and oxidatiaﬂ-reduction '
poteatial are important controlling parameters in this,

Riological Decomposition

Biological decomposition is the major mechanism by which refuse decomposes
in a landfill. Biological decomposition also affects chemical and physical
decomposition, because it affects variables such as pH and oxidation-reduction

potential,

. Biological décomposition occurs in three major phases: the asrobie, the

facultative anaerobic, and the methanogenic anaerobic phases. These stages are
described in many texts (eg Ham and Barlaz, 1987). A brief dascripnon is given
below,
Acrobic decomposition occurs for a relatively short period after the refuse has
been placed on the landfill. It procseds for only as long as there is oxygen
available within the refuse, Most of the oxygen comes from the air incorpotated
in the refuse during placement, During this phase carbon dioxide and heat are
produced, Temperatures may rise to 50° - 70° C, Partially degraded organics are
also produced. This causes leachate produced during this phase to be slightly
acidic, and to have 2 high chemical oxygen demand {(COD). The scidic nature of
the leachate enables it to leach out more organics and also metals.

13



 Facultative anaerobic decomposition occurs when the availability of oxygen has
been reduced to the point where it no longer supports a pr‘edomjn;mr.ly aerobic
decomposition process. Facultative organisms prefer the presence of okygen, but |
can live without it. Carbon dioxide is still produced during this phase, the -
‘temperature drops somewhat, and large amounty of partially degraded organics,
especially organic acids are prodticed. This causss the leachate to increass in
acidity, pusties its chemical oxygen demand (COD) up, and causes a lot of
organics and inorganics to be leached out, '

The final stage of decomposition is the methanogenic phase. Methanogenic
bacteria cannot tolerate the presence of oxygen. They convert partially degraded
orgatics (arising from facultative anaerobic organisms) to methane and carbon
dioxidé. This causes the acidity and the COD of the leachate to drop. The pHl
of the leachate approaches neutrality, and fewer substances are leached from the

" wastes.

Theoretically, a st#ge is reached when a landfill will no longer emit pollution ia
concentrations which are harmful. It is, however, estimated that it takes centuries
to reach this stage. (Belvi and Baccini, 1987)

2 LANDFILLING PHILOSOPHIES

The decomposition processes discussed above cause substances which are potentially harmful
to the environment to be emitted. In order to try and minimise these emissions, specific
approaches to landfilling are adopted.

One scheme is to aﬁ:e'mpt encapsulation, or total containment of the waste, The 'dilute and

attenuate’ philosophy, the 'final storage’ concept, and the practice of co-disposal of different
types of waste are other landfill sirategies,

14
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"Dilute and Attenuate

Containment

 The goal of this strategy is to minimize leachate generation, and to remove and treat any
_ _leaohzite which is generated. The former objective is usually achieved by encouraging

drainage and limiting infiltration, while the latter is achieved by means of bottom liners,

' and underdrainage systems. The flaw in this concept lies in the fact that the lifetimes of

liners and top caps is limited. Furthermore, it may imply perpétual collection and

 treatment of lea\.hate

Another approacti is the so-called 'dilute and attenuate’ strategy. This stratégy relies on

chemical, physical, and biological processes opefating within the wastes, and the
underlymg soils. The properties of the waste disposal site are of importance to the
attenuatlon process, and sites are chosen for their natural abxhties to attenuiate pollution.

Also of imp‘ortance are the biological degradation processes operating within the waste.
It s preferable to control these so as to gain maximum benefit from them:

This method cantiot be relied ipon solﬁl}‘r, since the ability of the waste body and thie site

to attenuate pollutants may not be great enough to protect surrounding areas.
‘Final Storage’
The ’final storage’ concept relies on the contalnment priniciple, until the biological,

physical chemical processes within the wastes have 'cleansed’ it, to a degree where
emission of pollutants from the landfill are low enough not to harm the environment.

Studies show, however, that this could take several centuries to achieve. In pursuing this

philosophy it is, therefore of interest to speed up reaction rates and so reduce the time.
until "final storage ’ quality is _re,achcd. {Belvi and Baccini, 1987; Belvi and Baceini, 1959,
Cossu et al, 1987) |

15
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' . Co-dispessl

The pfaéﬁce‘ of co-disposing of certain types of toxic or otherwise hazardous waste with

municipal waste is a controversial one. Some argue that by practising co-disposal, one

causes thé_ entiré body of waste to become hazardous, and so increases the risk of

_ b.ollutioh. It has, however been shown that co-disposal of certain types of waste, (such

- as ash, phenolic compounds, and alkaline sludges) has a beneficial effect on the

- degradation and attenuation of problematical constituents of both the hazardous waste
and the municipal waste.( eg Pohland, 1989; Cossu et al, 1989; Boari and Maricini, 1987)

The application of these philospphiés is constrained by practical problems, which are discussed '
in more detail below. A combination of these approzches may be used in an attempt to combine
- their strengths and eliminate their weaknesses. ' '

..3.
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PRACTIGAL PROBLEMS ASSOCIATED WITH LANDFILLING

Liners and leachate collection systems

Liners are used extensively on waste disposal sites, in an attempt to stop the migration
of leachate into areas surroundirg landfills, Liners are usually used in combinas!n with
drainage systems. Drains serve to reduce the hydraulic pressure gradient across the liner
{(and so redice seepage), collect leachate, and sometimes, act as leak detection layers,
beneath liners. '

Materials used for liners and drainage systems rﬁa‘y be classified as 'natural’, or

Jsynthetic’. Synthetic liners include rubbers, bitumens, polyethylenes, and polyvinyl

chlorides, (Cadwallacler and Barker, 1989) A variety of synthetic, woven and non-woven
geomembranes are used as drainage layers, Clays and bentonites are commonly used
natural liner materials, while sands and gravels are natural materials which are
commonly used for drainage layers. .

Liners and drains made from both synthetic and natural materials are subject to
degradation. Solutions containing acids (organic and inorganic), bases, ionic substances,

16
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polar mulecules and such Like are known: to affect the integrity of synthehc and natural '

L ma.tenals.(eg Korfiatis et al, 1986; Daniel and Shackelford, 1987; Cancelli et al, 1937)
This may cause the liner or drain to lose effectweness :

Some synthetics appear to be more resistant to chemwal attack than natural

. matena]s (eg 'I‘mmger and Dudzxk, 1989) but their long term durablllty has not yet been_ _
| proved. - : :

) Laburamry tosts show that much lower permeabilities may be achieved by usmg synthetic
 liners. (eg Faure et al, 1989.) Synthetic membranes: may be torn, or punched during

construction, or duting settiement of the body after construction. The seams of such

: matenals are also-a weak pomt These materials also have the dlsﬂdvantage of bemg :

expensive.

Clay liners are difficult to-construct such that they are uniform and contain no clodsor

cracks which would act as preferential drainage paths (Dunn, 1986). Clays have an |

* advantage over synthetic materials-in that they appear to possess gelf-healing properties.

Problems experienced v_.rith drains include clogging. Blocksges may be caused by particles
washed into the drains, or by the growth of orgavisms within the drain (eg Tisinger and
Dudzik, 1989; Koerner and Koerner, 1089). : : :

One of the major drawbauvks of using liners, and drainage systems, is that leaks and
blockages are extremely difficult to repair, since they are buried beneath a considerable
depth of refuse. Another disadvantage is the expense of installing such systems.

Leachate Treatment

Once leachate has been ihtercepte.d and collected by means of the drainage. and liner
systems, it needs to be treated to remove organic and i morgamc substances before it can

be safely discharged.

Popular methods for leachate treatment involve the use of aerated lagoons, evaporation,
reverse osmosis, flocculation, adsorption, and anaerobic digestion. (eg Doadens and
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B Cotd La‘ndﬁehr 1987; Jans and van der Schroeff, 1987; Ehrig, 1987; Blakey and Mmis, o
o 1987) Usually one of these processes is not sufficient by itself to reach desirable efﬂuent :

e standa:ds and a combmatmn of methods is used.

a8

._ : . Many of" these methods are eaxpenswe, so that wrrs of minimising Ieachate quantity, and
" therefore the cost of treatment, are helpful, It is also beneficial to reduce the strength

‘of leschate produced. For this reason, accelerating the reactions within t_he landfiil to.
achisve methanogenic conditions, is desitable (Beker, 1987). The practice of leachate

. recireulation is becoming popu]‘.at as a means of cheap leachate pretreatment, and it has

also been found, in some cases, to promote the development of methanng_enic

- conditions.(eg Beker, 1987; Stegmann and Spendlin, 1987; Boari and Mangini, 1987)

Landfilt Covers -

Landfill covers are ysed primarﬂy to stop the emission of gases, and to stop refuse being
washed or biown away from the sité. They are - effective in confrolling the
amount of water entering the waste, and so also, the amount of leachate generated, They
also usiially provide a growing medmm for vegetation,

Covers.are usually constructed of soil, but may include a synthetic membrane, A
drainage layer is sometimes provided beneath the cover to drain gas accumulating

beneath the cover; or any water which does percolate through the coyer,.

The slope of the cover, the tyf:e of soil, and its density influence the amount of water

* which runs off the landfill, and the amount of water which enters the waste,

‘Water may be stbred in the soil of the cover and later evaporate - so the thickness of
the cover also influenices the amount of water which eventually reaches the waste,

Covers are subject to erosjon, and may also crack due to settlement of the waste, or-
shrinkage of materials on drying, ‘They are, hawever relatively easy to inspect and repair,

Covers are the main topic under consideration in this study. A great deal more ootail
about covers is given in subsequent chapters, ' o
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 Gas - migration; drainage; utilisation

Vi

.I The migration of Jandfill gases can pose a health hazard. Generally biogas consists of

about 55%-60% methane and 40%-45% carbon dioxide, Carbon dioxide can, (at

”c:onoentrahons of about 10% in the a:r), be lethal. Methane only has an anaesthetic |
- effect in concentrations of more then about 50% in the air, However, when it 13 preserit
in air at concentrations of 5%-15% (vol), it forms an expiosive mixture, (Volkmar, 1989)

Traces of toxic, .carcinog'enic, and odorous substances are also found in biogas. Examples

of such substanées. are: hydfogen sulphide, mercurj vapour, dichloromethane, benzole,
vinyl chloride, andl other halogenated hydrocarbons. (Rettenberger 1987; Cernuschi and N

" Gulghano, 1989)

Layers of soil cover are used to control the migration of tl_wsé gases, a:'_'ld.-Whe!; the
landﬁ]l is complete, = final, ‘top cap’ is installed. If the gas is not vented from time to
time, pregsire can build up beneath the cover, and the gas may escape. If may also

migraté sideways, or mor downwards to poliute the groundwatet.Jampbell, 1989)

Various systems of collecting and draining gas have been devised. Vertical wells,
horizontal wells, and trenches, have been used, It is riot uncommon for gas dramaga
layers to be inchided beneath the top cap.

The gas is usually pumped (rather than allowé.d to flow under its own pressure) from the
landfill, Condensation from the gas, rising leachate levels, and the draw down of air into

 the landfill can be problematical in gas pumping(Willumsen, 1987; Moss, 1987)

If biogas is extracted for safety reasons, it may be economically advantageous to use it.
If uged, it is usually used to power landfill operations, or small indystries near the site,
(Uriate, 1987; Dessaulx, 1987) The irregularity in flow rates, and calorific value of the
gas, as well as the expense of installing supply pipes and gas burners, present obstacles

in gas . ‘ilisation projects, so that in many cases the gas is simply flared %,
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3.6

In the:case of biogas utilisation projects it is beneficial to accelerate landfill reactions
to reach methanogenic ounstmns, so a8 to maximise methane productmn (Ham and

‘Barlaz, 1987)
| Aeceleratinn of Reactions

*In order to minimise the quantities of pollutants present in leachate, and to maximise

gas production, and _shbrten the length of time required for a landfill to reach ’final -

... storige quality’, it is desirable to accelerate landfill reactions. To move from the gerobic

to the anaerobic phase as quickly as possible is especially BenaﬂciaL

Methods of hccéle_mtit@ reactions include: the addition of a bacterial inoculum, such as

-sewage sludge; the addition of a buffer solution to raise the pH, and so create conditions

conducive o methanogenic bactéria; increasing the moisture content of the waste;
decreasing waste compaction; the inclusion of partially comppsted layers; the addition -
of nutrients; and leachate recirculation, (Stegmann and Spendlm 1987; Cossu et al, 1987;

Baker, 1987 Leuschner, 1987) -

Unfo_rtunately several of these methods have ather undesirable effects, such as increasing

the volume of leachate produced, and increasing settlement of the fandfill

Ideally, an optimal point, where leachate production can be kept to a minimﬁm, (-9

methanogenic reactions can still proceed at zn acceptable rate and the quality of the
leachate can be kept as high as possible, should be found.

Attepuation of pollutants

- The landfill itself, and the land it is sited on possess some ability to attenuate pollutants,

The physical processes of dilution, dispersion, and filtratiori, as well as the bioIogical '
degradation processes, and the chemical processes of complexation and ionic pair
format_iun; acid-basereactions, oxidation-reduction reactions, precipitation, ion-exéhang’e,
and adsorption, all act to attenuate pollutants.(eg Blight and Ball, 1989) The exterit to
which a lot of the chemical and physical processes will ocour is governed by. the

properties of the strata underlying the site. Particle size distribution, clay content, eation
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. In the case of biogas utilisation projects it is beneficial to accelerate landfili réactions
. to reach methanogenic conditions, 80 as to riaximise methane production. (Ham and
~ Barlaz; 1987) '
Acteleration of Reactions

"In order to minimise the quantities of pollutants present in leachate, and to maximise

gas prq_dﬁéﬁon, and shorten the length of time required for a landfill to reach *final

storage quality’, it is desirable to accelerate landfill reactions. To move from the aerobic

tu the anaerobic phase as quickly as possible is especially beneficial,

Methods & sccelerating reactions include: the addition of a bacterial inoculum, such as

sewage sludge; the addition of a buffer solution to raise the pH, and so create cdnditiqhs
conducive. to methanogenic bactcrm, .mcreasing the moisture content of the waste;

- decreasing waste compaction; the inclusion of partially composted layers; the addition -

of nutrienis; and leachate recirculation. (Stegmann and Spendlin, 198’? Cossti et al, 1987; -
Beker, 1987; Leuschner, 1987) -

Unfortunatsly several of these methods have other undesirable effects, such as increasing
the volume of leachate sroduced, and increasing settlement of the landfill

Ideally, an optimal point, where leachate productiun' can be kept to a minimum, but
methanogenic reactions can still proceed at an acceptable rate and the quahty of the

: leachate can be kept as l'ugl'- as possible, should be found.
- .Att'enuatinn of pollutants

The landfill itself, and the land it is sited on possess some ability to attenuate pollutants.
‘The physival processes of dilution, dispersion, and filtration, as well as the biolagical

degradation processes, and the chemical processes of complexation and ionic pair

. formation, acid-base reactions, oxidation-reduction reactions, precipitation, ion-exchange,

and adsorption, all act to attenuate pollutants.(eg Blight and Ball, 1989) The extent to
which a lot of the chemical and physical processes will occur is governed by the
properties of the strata underlying the site, Particle size distribution, clay content, cation
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exchange capacity, carbcnate content, and the thickness of the unsaturated zone are
 properties which affect thess processes.(eg Stief, 1989)

4 m ROLE OF COVERS IN LANDFILLS

Ways of dealing with the problems mentioned above need to be developed. In this project, the
 feasibility of designing top covers of landfills to eliminate, or minimise leachate is investigated.
If this could be achieved, the need for liner, and leachate drainage systems could be obviated,
Leuchate treatment could also be reduced or eliminated,

' Top covers need to be installed in any event, to control gases, and to rehabilitate the site,
Advantage should be_take.n of their capacity to limit infiltration of water into the wiste, Relying -
on top covers, rather than bottom liners for leachate control al_sé has the advantage that damage
is easier to repalr, '

The advantages of allowing the waste to decompose are recognised. If 4 point, at which no
leachate is generated, yet decomposition still proceeds, can be attained, an ideal sftuation will
exist, '

The idea of using top covers to minimize leachate production revolves arotind the "water-
balance' principle, and the ability of top covers to alter this balance, Covers are discussed in
greater detail in the next chapter, and the water balance is discussed in detall in

Chapters 3, 4, 5, and 6,

21



CHAPTER 2

'LANDFILL COVERS - ¢*J:RENT PRACTICE

'The detailed discussion of the water balance of landfills, in Chaptets 3, 4, 5, and 6, will show that
~ apart from climatic considerations, it is landflil covers that play the most important role in
regulating leachate production. Covers form the first line of defence against inflltration, and also
act ag temporary stores, from which water may be drawn up by evaporauve gradients, so limiting
the production i Jeachate.

The focus of this study is the role of covers in the water balance of landfills, For this resson,
cover design is discussed in some detail in this chapter,

1.1

PURPOSES OF, AND DESIGN CRITERIA FOR COVERS
Purpnses of Covers

Although the minimisation of leachate generation is a very important aspect of cover
performance, covers are used to achieve other goals in addition to this one. Their role
in the water balance should be to: '
s  encourage runoff

. timit Inflltration into the waste

. encourage evapotranspiration

They are also required to control health risks, and for aesthetic reasons, Their purpose
in relation to these goals is to:

» tontrol movement of gases and assoclated odours generated by the waste body
. reduce fire hozards

. contro] 'disense vectors’

. achieve anaerobic conditions within the landfill

2
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e render the disposal site aesthetically acceptable by providing a growing medium

for vegetation
° prevent wasta from being washed or blown away

To achieve these aims it is desirable that the Jandfill be covered every day while it is
being operated, by a temporary, or intermediate cover, The final covef should be placed
&s s00n as possible, The practice of operating a Jandfill in "cells’ facilitates the attainment
of this objective, '

Design Parameters for Final Cover
A cover design should achieve all the aims mentioned above in the mdst economic
manner, In order to accomplisiy this, the design should optimise a number of parameters,

The optimisation of soms of these parameters is discussed below, -

Slope of cover: A steeper siope on the cover should encourage runoff. Slopes that are

 too steep however, are not aesthetically pleosing, Steep slopes gre more susceptible'to

erosion, and reduce the overall refuse storage capacity of the landfill, Very steep slopes
are difficult to vegetate, In grading a final cover, the fact that the landfill bo:ly will settle

- a3 it decomposes should be taken into account, The TJS EPA advises that on properly
-com_pacted fills, settlements may be taken to be in the order of 15%, while

on sites where compaction control is poor, settlement may be as high as 50%.

(BPA/625/4-89,/022, 1989)

Type of cover materiak: The most cost effective cover material will be the soil which is
available on the disposal site. It Is desirable to have a low permeability material to Limit
infiltration, although the soils should not be too plastic, so as to avoid desiceation
cracking, The material should also be suitable as # prowing medium for vegetation, and
to control landfill gas migration and influx of oxygen.

Density of coyer; Compaction is expensive, The smaller the compaclive effort required
in placing a cover, the more cost effective the cover will be. The cover shouid however
be sujtably dense to limit infiltration and gas migration, but not too dense so as to limit
vegetative growth,



Thickness of cover: ‘The thinner the cover, the less Eucpensivg. it will be. Thicker covers

_ will be more effective in limiting infiltration irito the waste because they provide a larper
temporary store for water which can be drawn out of the cover by evaporatioa later on.
A thicker cover will minimise cracking due to settlement. Some allowance for loss by
erosion should also be made when choosing cover thickness,

2  COVER DESIGN OPTIONS

' 'The.chosen cover design should be evaluated in terms of all the aims mentioned in section 1
above; The evaluation of the hydrological performance of covers is dealt with in detail in [ater
_': chapters‘ The evaluannn in terms of costs, gas mxgrat:on coritrol, stability, cracking, erosion
resistance, and ease of construction are dealt with in numerous publications: (eg EPA/530-SW-

- 89047, 1989; EPA. 600/2-79-165,1979; Yacobs Engineering, 1991; German Geotechnmal Saciety
for the ISSMFE, 1991; EPA/625/4-89/022, 1989.) - o

In meny cases economic considerations outweigh any other factors, aspecially in countries such
48 South Africa which have limited financial resources, The provision of waste disposal facilities
in such states competes with the provision of other basic services (such as education and
housing) for limited funds, The affordability of providing any cover at all is often debated, It is
therefore essentlal to find cheap, effective cover designs.

A number of cover designs, cover materials, and thelr advanitages and disadvantages are
disenssed below.

%1 - Simple Soil Covers

A simpls, single layer of soil is the most cost effective type of cover. Suitabla soils are
usuially readily available, and thus soil covers are relatively cheap and ealsy to install.
They are also easy to repair. Material with a low permeability is preferred, to Limit
infiitration, however the material should riot be too plastic, so as to avoid desiceation
cracking, Tt is usually recommended that the covers are revegetated to minimise erosion.



© vary from 2 m to 0.6 m (SRK, (BC) 1989; Carra and Cossu 1990).

The thickness of cover .reqliired.is controlled by climate, but recommedded thickitesses

. Soils may be treiit_e,d with substances. such as cement, lime, and fly-ash, to reduce
. permeabilities and desiccation cracking. Dispersants such as sodium chloride, tetra
 sodium pyrophosphate, and sodium polyphosphate have been used to decrease
' peﬁneabiﬁty and aid compaction. In cold climates additives may be used to reduce frost

action. {EPA 600/2-79-165, 1979)

Synthetic Covers

Flexible Membranes

A wide range of synthetic flexible membrane liners is available. A number are listed by

SRK (BC), (1989), dind Cadwallader, (1989). Among these are:

Polyethylene-
High density Polyethylens

. Chiorinated Polyethylene
. Chlorosulphonated polyethylene (trade name I-IYPALON)

Polyvinyl chloride

Butyl Rubber

Their associated advantapes and disadvantages are listed as follows:

Advantages:

- Have low permeabilities (1070 em/s) -

= Are said to be resistant to chemical and bacterial degradation
- Relatively cagy to install



| Disadvantagss:
- Are relatively expensive
~ Are vulirerable to ozone and ultrs violet light attack
- Are susceptible to cracking and distortion at extreme temperatures
» Cannot \mthstand stress from heavy machine:y, puncture zasily
- difficult to join .
- Lang term performance is not yet known

Spray on Seals.

- A number of synthetic spray-on type seals are also available, Among these are;
" Alkyd _

- Asphalt

- Concrete

- Epoxy

- Palyester

~ Polysuiphide

- Polyurethane

- Silicone

- Thermoplastic molten sulphur

= Vinyl

Their advantages and disadyantages are listed below.

Advantages:

- Easy application

- Basy to repair

« Puncture resistant

- Resistant to weathering and biological attack
- Low permeabilities

Disadvantages:

- Expensive

- Difficult to control thickness
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' Waste Materials

. A number of waste materials such as rmlled tailings, fly ash, furnace slag and composted

sewage sludge have been used for cover material. One concern associated with using

sﬁch-matgﬁa]s.is that they themselves have pollution potential, (EPA 600/2-79-165, 1979)

Composite Cavers

Mulﬁ-la}'er, c::mpasité covers are generally recommended as ha\_ving the best’
* performunce. They are, however éxpensiée_. The design of multi-layered . covers is
 discussed by Jacobs Engineering (1991), and SRK. (BC), (1989), and is reviewed below.

A complex multl-layer cover is shown in Flgure 2.1 below, A oomplex cover would have

some, or all of the layers described below,
Erosion Contro! Layer

Erosion protection is usually provided by a vegetation layer, which is usually the most
assthetically pleasing solution as well, A gravel layer ot rip-rap may also bs used for
erosion protection. A maximum erosion rate of 2 t/acre/year is specified by the US
EPA. A thickness of between (.6 mand 1 m is usua]ly called for. Surface water drainage
systems are also penerally required,

Muistore Retention Layer
The moisture retention zone js intended to:
- retain moisture after a precipitation event, and so allow evapotranspiration to oceur,

and thus reduce infiltration.
- to keep the infiltration barrier moist and so limit desiccation cracking.
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| MOISTU'RE_ RETENTI’ON§ 0.5m- Tm
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Infiltration
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- WASTE
Figure 2.1
A Complex, Multl-layer Cover
Drni:.lage/Suct'lnn Break I.ayér

‘This layer serves two purposes:
- To drain water laterally from the surface of the infiltration barrier; to limit infiltration
- To prevent moisture loss from the infiltration barrier, and so limjt desiccation cracking.

A final minimum grade of between 1% and 5% (after settlement) :5 recommended.



Biotic Layer .
A biotic layer* may alsa be included to prevent damage of the liners by plant roots, and
by burrowing animals, A 1 m thick layer of large cobblestones is ususlly recommended.

Infiltration Barrier

. This layer conaists of fine-grained soils, or synthetic material, or a combination of both.
The object is _thaf this layer should have as low a permeasbility as possible to inhibit
infiltration. A maximum permeability of about 10 7cm/s is usually specified for this
layer. A mineral (.. ~'r is typically required to be 0.5 m thick, whﬂe a thu.kness of 2 mm
is genera]ly specaﬁed for a synthetlc liner. : : :

Lower I)rs,_inag_e/Capillary Barrler

This layer is incorparated to drain gas. In addition it serves to reduce infiltration by .
‘maintaining a negative pore-water pressure at the base of the infiltration barrier. The
required thickness of this layer is génerally about 0.3 m,

The stability of multi-layered caps needs particular attention, especially where synthetic
materials are used. The angle of shearing resistance between & soil layer and a synthetic

membrane. may be as low as 10°, causing cover layers steeper than this to slide, (eg
Mitchell et al, 1990)

Although composite covers feature in the literature as the most popular covers, Carra, (1990)
points out that a ’typical’ modern municipal landfill in the United States uses a 0.6 m thick
simple soil cover.

¥
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spm;:mms FOR COVER DESIGN

_ Eltamples of some speczﬁcahons for caver deﬂgn, in use in the world at preseat,

-'3:1- '

" are gwen below:

" The 'Departlrient of Water Affairs which is responsible for licensing waste disposal sites

i3

_' | in South Africa, d_oes not make any specific recommendations ragardmg cove.rs They
*simply ask for a repmt in whlch the sources of cover materm!., their d:stances from the
. site; and the availability of and suitability of gover matenal is discussed, They also

reqmre information regardmg the quality; the thickness, and the degree of compaction

~ of the cover, as well as the frequency at which cover will be apphed (South African
) Depamnent of Water Aﬁalrs and Forestxy, 1991)

) Inte_fna'tional Societyal’ Soil Mechanics and Foundation Engineering

| The ISSMFE do not recommend any specific cover design, but recommend _thaf the site-

be sealed and restored to the required afteruse, taking account of settleméf';, drainage
and gas emission. They also recommend a monitoring programe (German.

' Geotechnical Society for the ISSMFE, 1991)

The Conimission of Eumpei_ St

In their draft directive for landfill of waste, the Commission of European commiunities,
require that a landfill be covered on closure, to accommodate the site to its future uses,
‘and to integrate it into the Iandscape. The type of cover to be applied is not specifically
recommended, but is to . into account the types of waste deposited, and the |
parncular aiaracteristics of the site, (Commission of European Communities, 1991)
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. .CHAPTERS

| . INTRODUCTION TO WATFR BALANCE AND SOIL MOISTURE MOVEM'ENT

1 THE 'WAYER RALANCE' PRINCIPLF

The quantlty of leachate generated by a landfiil will depend on the ’water balanee of the mte
According to the law of conservation of mass, the mass of water entering a system, must be

“equal to the sum of the masses of witer leaving the syster, and reteined bvy the system. In
mathematxcal terms:

IN = OUT + STORED |
Each of the terms in this equation consisbe of several curneonents. _
In the caie of a landfill site, the water entering the system comprises the following;

e initial water content of tire refuse;
e that fraction of incident precipitation which infiltrates;

& the fraction of surface water running onto the dump, which infiltrates;
e groundwater tnoving into the waste body, from surrounding soils;

¢ water produced by chemical and biochemical reactions.

'The last-mentioned component is assumed to be small and is uoually neglected in water balance
calculations . Properly designed landfills should be sited such that runoff from other sub-
catchments does not run onto the landfill, and groundwater does not flow into the waste, These
two terms will therefore also be neglected. The relevant components of the YN’ term are
therefore the initial water content of the refuse, W, and the fraction of incident precipitation
which infiltrates, /.

IN=W4+1I

Ll :
Thie assumption is considered by sBome researchers to be
arronecud. (Senior, pers. com., 1991) Data quantifying volumes of water
produoed are not easily obtainable. It is however noted that the conversion
of a hydrocarbon such as glucose, under methanogenice conditionsa, yields only
carbon dioxide and methane, and wo watar.
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"' The water leaving the landfill comprises;
. evﬁpo:atioh; :
b transpjratlon,

e ﬂow of leachate through the bottom and sides of the dump,

.‘The relevant cnmponents of the 'OUT’ term are therefore the flow of leachats fmm the dump,
L, and evapotransplranun from the dump, ET

nUT-=L+E'T - __, 
The w#tgr absorbed by, and st&ed in the refuse , S, représents the ’ST‘QRED’ term.
o | Th_e wa;er balance, mﬁld, thefefore, be written as |
| W+?=;.4Erf_s
By rgarraﬁging the equaﬁoﬁ in the form:
| | Le=W+I-ET-§

the volume of leachate generated can be solved for, providing the quantities W, initial moisture
content; I, infiltration; E7, evapotranspiration; and §, water stored by the refuse, are known.

The infiltration term, I, could, alternatively be expressed as i_iet precipitation, or, precipitation,
P, minus interception, €, minus runoff, R. -

I=P-C-R
Hence 'th_e volume of leachate generated could be calcslated according to:

L=W+P-C-R-El-§



‘W, the initial molsture content of the waste makes s ’once-off’ contribution to the water balance,
while 7, infiltration, ET, evapotranspiration, and L, leachate movement out of the waste body,
oceur continuously.

/

“The water balance equation might therefore more correctly be written!
| L =W+ X - ZET-S
ar’
X fV+ !P-H:-ER-ZET-S

‘The principle of the water balance Is illustrated in figure 3,1 below. ,

2 APPLICATIONS OF THE WATER BALANCE PRINCIPLE

The ‘water balance’ principle is commonly used to determine crop water requirements,
groundwater recharge, water requirements of industrial processes, cities, ecological zones, and
such like, It has also been used to predict quantities of leachate generated by landfill sites.

Fenn et al, 1975, desoribe a simple daily, or monthly moisture-budgeting proéedure to predict
quentities of leachate generated, Stegmann and Ehrig, 1989, compare the results of simple water
balances, to the actual production of leachate from various landfills, Wiemer, 1987, discusses the
effect of soil and vegetation type on the water balance of landfills, Hoeks and Ryhiner, 1987,
discuss the use of elny caps to limit infiltration, and leachate production. Miller and Mishra,
1989, discuss the effectiveness of numerical models of fow through Jandfill caps In predicting
leachate generation. Melchoir and Miehlich, 1987, examine the effects of different ﬁmlti—layered
caps on the water balance of landffil sites. Hojer, 1988 shows that, in areas where potential
evapolranspiration exceads precipitation, very littls, or no leachate is produced by landfills,

The most simple water balance studies involve the use of general estimates of quentities of
water infiltrating, evaporating, and being stored, without considerivg actual mechanicms of
moisture movement, This can lead to wide margins of error, as found Milier and Mishra, 1989,
and Hojen, 1988,
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3 * ELEMENTS OF THE WATER BALANCE
I the equation ¢
=W+ Xr-ZET-S

wherst L is the volume of leachate generated
| W is the Initial moisture content
- I represénts infiltration '
ET represents svapotranspiration
8 is the water stored by the refuse

The terms, W, 4, T, and § could, conceivably be manipulated such that L becomes zero, or
closé to %ero, In order to manipulate these terms an understanding of the processes affecting
each of the terms Is required. Each of these terms i§ discussed briefly below, and in & great deal

more detail in Chapters 4, 5 and 6, Numerous comprehensive reviews on modelling the water
balance have been cartied out.{eg: Scholes and Savage, 1989; Holden 1991; Feddes et al, 1988;
Flillel, 1980; Marshall, 1959) In nddition there is abundant literature x individust aspects of the
water balance,

31 Initial Moisture Content of Waste, W

The initial molsture conterit of the waste depends mostly on the composition of the
waste, Paper, ash, glass, metal, plogtic, have low initial moisture contents, while organics,
especially foad waste, and garden refuse, generally have higit initial moisture contents,
The initial moisture content of refuse will be highly variable. Manley et al, 1989 give
estimates of the fnitlal moisture content of refuse. Hojem, 1988 estimates the initial
moisture content of compacted refuse to be 20% (w,,/w,):

32  Storage, 8
Little work has been done on the water storage properties of refuse, A good deal of

work kas, however, been done on the storage properties of soil, Numerous texts deal
with this subject, (eg Jenseh, 1980; Marshall, 1959; Hillel, 1980)
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- 'The behaviour uf'Wif;er in a granular material is affected by the size of the particles and
the way in which they ate arranged, Particles miay be loosely or tightly packed, allowing
bigger or smaller pore sizes, The pore sizes afféct how strongly water is held under
capillary effects within the soil. '

The water storage is also affected by the nature of the individual particles. (eg the nature
of the exchangedble cations of the clay minerals)

The obncep‘ts of suction, field capacity, and wilting point, which are commonly used to
describe soil storage properties, are discussed below, These concepts may also be applied
to refuse, since refuse is also essentially particulate in nature although the ‘particles’ é_re
much larger, and are packed in a more complex manner, The nature of the individual
particles is much mote variable, and changes more quickly with time, as the refuse

decomposes, ' '

Suction

Energy is required to remove water from soil. The work required to move an
incremental volume of water from the soil fo some datum point, is known as the soil
water suction. Soil water suction has two main components.

The first is termed the matric suction, Matric suction is due to the attraction of soil
susfaces for water and the influence of soil pores and the curvature of the soil-water
interface. (ie capillary effects) '

The osmotic, or solute suction of the soil Is due to the presence of solutes in the
groundwater, which lower the vapour pressure of water. Solutes can move with the water,
and therefore do not influence soil water flow greatly, but may be important in vapaur
diffusion,

As the quantity of water retained by the soil decraases, the soil suction increases, and

conversely, as the moisture content of the soil increases, the soil suction decreases,
Suction may therefore be used as a measure of water content,
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R 'I‘ha bshaviour of water in a granular material is affected t y the size of the partlcles and
- the way in which they are arranged, Particles may belooscly or tightly packed, allowmg
b:f,ger ot smaller pore sizes. The pore sizes affect how stronglv weter is held under
capillay ef_fects within the soil, ' '

‘

"Tha watet storage is also affected by the nature of the individual particles, (eg the nature

nt' the axchangeable cations of the clay minerals)

The concepts of suatitm, field capacity, ac. */lting point, which are commonly used to
describe soil storage properties, are discussed below, These concepts may also be applied
to refuse, since refuse is also essentially particulate in nature although the *particles’ are
much larger, and are piacked in a more complex manner, The nature of 'the indtvidual
patticles I8 much more variable, and changes more quickly with time, as the refuse

decomposes.
 Suetion

Energy is required to remove water from soil, The work required to move ag
incrémental volumie of water froim the goil to some datum point, is known as the soil
water suction, Soil watcr suction has two main corponents, '

The first is termed the matric suction. Matric suction is due to the attraction of soil
surfaces for water and the influence of soil pores and the curvature of the soil-water
interface. (ie capillary effeats) -

The osmbtic_, or solute suctlon of the sofl Is due to the presence of solutes in the
groundwater, which lower the vapour pressure of water, Solutes can move with the water,
and therefore do not influence soil water flow greatly, but may be important in vapour
diffusion, '

As the quantity of water retained by the soil decreases, the soil suction increases, and

conversely, as the mioisture content of the soil Increases, the soil suction decreases.
Suction may therefore be used as a measure of water content.
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" The relationship between suction and moisture o;)_ntgnt does, however, depend on the
~wetting history of the sofl, since the water content - suction characteristics of a soil are
_ ' hystéretic; At a given sﬁction, 4 soil will contain more water during a drying cycle, than
' 1" S _ | dhr_ing a wetting cycle, This is illustrated in Figure 3.2
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Figure 32

Typical Hysteresis Curves. IDC is the initial drainage curve; MWC, MDC, PWSC, PDSC,
SWSC and SWDC are maln, primary and secondary, wetting and drainage curves.(Gillham,
1972, eited by Jensen, 1980) :

Field Capacity

The concept of field capecity’ is often used to describing moisture storage characteristics
in soil. The amount of water retainied in soil which has drained for about two days (while
covered to prevent evaporation) is known as the field capacity, It is not a precise
‘quantity, but gives an approximate upper limit to the amount of water stored which may
maove upwards through the soll g0« again. Soil may continue to drain for many days
after having being wet,
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" VWiting Point

- 33

| The permanent wilﬁng.pn_i:_lt is thé soil water content below which plants growing in that

soil remain wilted. This cotresponds to a suction of about 1500 kPa, Soil can be dried
by evaporation to suctions much greater than this.

Infiltration, I

Infiltration may be definied as the entry of water into the soil profile. The coneepts
relating to infiltration are dealt with in tumeraus texts, (eg Jensen, 1980; Marshall, 1959,
Hillel, 1980) ' ' '

The infiltration capaciW of the soil {8 an important parameter governing how niuch

rainfall becomes runoff, and how much passes through to be stored in the soil, JE watet

is applied at a greater rate than can infiltrate the soil, runoff and ponding will occur, The

infiltration capacity of the soil at any point in time, depends on the moisttire content of

the soil, and will approach a constant rate as the soil approaches saturation, (The

constant rate of infiltration is generally assumed to be equal to the saturated hydranlic
conductivity of the soil, but is actually somewhat less, since some air remains entrapped
during infiltration.) This explains why the antecedent moisture condition of a soil, as weil
as the rainfall intensity and duration, influence infiltration,

Other factors which influence infiltration are;

Relel: The amount of ponding that oceurs will depend on the relief of the surface.
Flatter surfaces with many depressions will ohviously allow more poniding than will staep
surfaces with no depressions. Water which ponds will partly evaporate and partly
infiltrate at a later stage,

Interception: Vegetation also traps some moisture which would otherwise runoff. That
portion of water which later evaporates is termed ‘interception’, A portion of the water
which is trapped by vegetation, later reaches the soil surface by ‘throughfall’ and
‘stemflow’, ' '
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Surface effects: Surface effects such us sealing, as a result of raindrop impact, and
crusting after dry spells, also affect infiltration. A soil surface is usually not

“homogeneous, and contains cracks. This is certainly true of landfill 'caps, where
~ settlement of the waste, as well as shrinkage of the soil on drymg. may give rise to

cracking. Cracking will increase infiltration.

Evapotranspiration, ET

Evaparation takes place from plants, from soil surfaces, and from free water surfaces.
A great deal of work has been done on these aspects, and is dealt with in various texts.
(eg Hillel, 1980}

Evaporation from free water surfaces is not important in the water balance of landfills,

since caps should be sloped so as to prevent ponding, Settlement of caps does,

nevertheléss, lead to the development of depressions in which. water can pond.
Evaporation from plants, or transpiration, does play a role in the water balance of
landfills, since landfills are usually vegetated, Bvaporation directly from the soil surface
also occurs in the case of landfills, since at least part of the surface is bare, These terms
ate usually difficult to separate, so the are Jumped together in 'evapotranspiration’,

The quantity of water that would evapotranspire, if there were an unlimited supply of

. moisture js referred to as ‘potential evapotranspiration’. The water content and

conductive properties of the soil, determine the rate at which water actually
evapotranspires, which is usually lower than the potential rate,

In order for evapotranspiration to ocour, the vapour pressure of the atmosphere must
be Jower than the vapour pressure at the surface of the evaporating body, For this
reason, radiation and wind effects are the major influences on evapotranspiration,
Radiation supplies beat required to change water into water vapour, Wind transports
vapour away and so maintains relative humidity nt a lower level,

Water may evaporats from upper soll layers after wetting, but is also drawn over great
depths from water tables, by suction gradients, created by surface evaporation.
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- The presence of vegetation increages water loss from soil, Plants transmit about 90% of
the water which they take up, to the atmosphére, Under conditions of moisture stress,
however, transpiration is reduced, -

A further source of moisture ioss from landfills, is water vapour entrained in landfili gas. |

4. SOILMOISTUREMOVEMENT '

" The processes of infiltration and evapotranspiration'interact with one another contingously, -
'rcd_istribunhg"moistnre,- and 50 affect tha 'water-balance’ of the landfill. '

Downward drainage will generally cease when gravitational and suctions forces, acting dowrwards

balance the soil suction forces scting upwards, Following downward movement of the water
' during drainage or redistribution, water may subsequently move upwards again under capillary
effects, or as water yapour, '

Layers of material of differing hydraulic conductivities may significant.y affect the advance of

- the wetting front. If a layer of finer material is encountered, water will drain through the upper
soil faster than through the fine layer, and water will acoumulate above the fine layer, If the
layer is coarser chan the soil above, the layer will not conduct significant amounts of water until
many of the pares are filled with water. This will occur at much lower suctions than for the finer
layers, When drainage starts, the coarse layer will stop conducting water at low suctions, so the
water content ~f the layer above will remain higher. Similarly, a coarse layer will act as a
capillary barrler against water moving upwards under evaporative gradients.

During drainage and redistribution water may move faster though ‘macropores’, or drainage

- paths between clods, or agglomerations of particles. Water will not, however, be drawn up
through these macropores, by capillary action. Macropores will allow vapour movement.
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 CHAPTER 4

. LITERATURE REVIEW ON QUANTINYING INFILTRATION |

The first step. in quantifying infiltration is to determine precipitation. Some schemes then
estimate runoff, and assume the balance infiltcates, while other schemes estimate infiltration,
and assume the balance runs off. Strictly speaking, interception losses should also be taken

"~ account of, but are generally ignored. Some of the rainfall is Jost to evaporation as it strikesthe

- land surface. This effect too, is generally ignored. In this chapter, means of qua.ntxfymg
precipitation, runoff, interception, and mﬂltratlon are discussed. : :

-1 . PRECIPITATION

Two aspects of precipitation influence the quantiiy of infiliration oceurring, These ari: the depth
‘of rain falling, and the intensity at which the rain falls. A more intense rainfall event will result
" in more runoff than a less intense event, even if the total rainfall depths are equal.

11 Precipitation Depths

In éalculathmg the water balance for a landfill, a pred‘stion of what the rainfall is going
- to be in the future is required, The only basis that is available for making such a
predlctzon is a recoid of past ramfaﬂ.

In comigriting water baiauces. it is preferable not to use average rainfall values, but
realistic daily values. A very wet period within an otherwise dry spell may cause some
percolation to occur, which would noi be predicted if only average values are used.

Daily precipitation records for numerous widespread stations in South Adrice are
available from the Weather Bureau, so that data for a given site can be obtained from
a nearby station, Rainfall depths and inteusities can vary widely even over small
distances, (Patrick, 1989) especially with the presence of orographic features, Care miust
therefore be exercised in choosing a representative station,
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Synthetic rainfall generators are i availéble (eg Vorster, 1991, Schroeder, 1989), but are

generally only useful for the areas for whlch they were developed. They require data
from past rainfall records for cahbrahon, Repeating a long rainfall record successively
for a number of years.is a reagonable practlce sincee it will contain data for *wet spells’

. and t'or ‘dry spells’

_ 'It should be noted that there are errors associated with measuring rainfall, due to wind,

tart .zlenoe. sPIash, gauge demgn, evaporatiol, and dbserver errors. (Scholes and Savage,
1989)

Precipitation Intensities

" Autographic rainfall records are not 'generally avﬁilable, and spme assumptio'n- on rainfall

intensity and duration has to be made, Even if such records were avaﬂable, using the
data would e difficult because of its sheer volu.se.

- Many generalised rainfall intensity distributions have been developed, (eg Lambourne,

1990) but these usually apply to siwrr rainfall, (depths greater than 20 mm), and have

 been developed to aid stormnter runoff contro} design.

In the case of assessing infiltration, rainfall events of small depths are important also.
Intensities during these events would tend to be lower, and therefore the percentages of
infiltration wonld be higher,

The SCS-based storm distributions are commonly use * © * computing watet balances,
Although these were originally developed in the Unite | i1 s, they have been modified
for South African conditions (Schmidt and Schulze, 1987) The SCS distributions have
a central peak, although Schmidt and Schulze state that an initial high intensity is more
common for short-duration events. The central peak gives a conservative estimate for
runoff design cal.:ilations, bit niot for estimates of infiltration. It should also be noted
that in drawing these distributions up, emphasis was placed on storms of 10 to 20 year

. recurrence intervuls, and rainfall over 24 hour periods rather than rainfall events with

low recurrence intervals, measured ou a daily basis. (The Weather Bureau measures
rainfall between 8:00 one day and 8:00 the next day.)
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RUNOFF

Methods waich assess runoff, without vse of an estimation of infiltration, are empmcal Thesg.

methods are suitable for modelling water balances on monthly; weekly, or daily bases.

21

22

 Rtional Method

The most simple metho is the Rationsl method, de-sloped in the late 1800’s. It has the
form; '

Q-CiA | . an

" where (0 is the runoff rate

1 is the rainfall intensity

A is the area qf the catchment

C is an empirical factor, to account for the type of runoff surface, and its

slope._' . B .
This can bé integrated over the duration of the storm to yield total volume of runosf,
The method does not account for antecedent  “sture conditions, and changing
infiltration capacity. It is very simple to apply, but is known to bave a great margin of
error. The principle difficulty lies in assessing C, Values of C are given in many popular
hydrology text books. - o : '

SCS methad

The United States Soil Conservation Service developed a 'curve numbet* method, where'.
the curve number {akes account of the type of soil, and its condition of vegetation, and
is adjusted to account for antecedent moisture conditions. Although initially developed
for the United States, the method has been adapted for South African conditions
{Schmidt and Schulze, 1987)
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The rupoff equation Is:

L) - (82)
TS -

 Where: @ is the cumulative runoff

P is the cumulative rainfall
I, is the initia} abstractmn (sucface storage, mteraeptlon, infiltratioa prmr to
- runof.f) '

_ § is the maximum potential retention given hw:

.-M_ ) . 43
5 o 10¢inches). _ . 43)

_ CN is the cﬁwe numbér,' ranging In valie from 0 to 100, depending on seil type, land
use, and antecedent sail moisture, Curve numbers for South Afncan soils are given by
Schrrudt and Schulze, 1987,

I, is estimated as 0.2 S, in the original SCS method. I, has however been found to vary
from 0,05 to 0.25 for South Africa, during different seasons. (Schulze, 1984)

The infiltration at any time is given by

I=pP.0 (forI<S8)
and I=§ - (forlI>58)

. INTERCEPTION

Interception is the amount of precipitation that evaporates diractly from the wetted surface of

the vegetatmn and does not reach the soil,

There are two phases in interception. The first is the build up of intercepted water until the

capacity of the vegetation is full, If the shower lasts long enough, the maximum storage capacity
of the vegetation is exceeded, and the second phase of interception is reached, During this phase
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., the evapuration losses from the intercepted wate. are made up by rainfall. The incresse in

evaporation from intercepted water may be offset by a decrease in the saturation deficit in the
' atm‘pébh_ere, leading to less evapotranspiration Iater, {Holden, 1991)

Tﬁere are three basic approachies to modelling iﬁ_tercep'tion.'

_ e Average Figures; Average figurés for a particular region for a particular type of
vegetation may be used, Such values have been published by de Vﬂhers in 1975, and also
by Schulze in 1984 (quoted by Holden, 1991.) :

‘@ Regressions; Regression equations relating interception losses to gross rainfall for
different vegetation types, have been published, Halden, 1991 quotes studies carried out
by Horton in 1919, and Jackson in 1975, Horton’s mathod involved the use of Leaf A 2«

Indices (LAL).

. Metwmlog!eal Modelé: ‘Sopliisticated models using meteorological data and vegetation
~ ¢haracteristics have been developed to predict interception, Scholes and Savage, 1989
quote the models of Rutter et al, and Gash as examples of these, These models require

a lot of calibration data. .
Interception losses Enay be measured, indirectly. The interception is taken to be equal to- the
gross rainfall less throughfall, less stemflow, Gross rainfall is measured above the canopy,
throughfall is measured by troughs below the canapy, and stemflow is the water running down
the plaut stem to the ground, (Scholes and Savage, 1989) o

4 INFILTRATION

Infiltration equations may be broadly classified as ‘emipirical’ or ‘physical, Equations which
specifically estimate infiltration are suited to modelling individual rainfall events only, and
cannot be used to calculate water balances on monthly, and weekly bases. While many of these
models account for the effects of antecedent moisture, and changes In infiltration capacity, most
have the short-coming that they do not consider flow through cracks ('macro-pore’ flow),
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| Emplrldd _

These equati s generally describe pohded conditions, and simply describe how
- infiltration cr,pacity changes with time. They do not consider how water actually moves

" vithin soil. They assume application of water at a rate greater than, or equal to the

411

412

infiltratic.: capacity. They generally provide no mechanism for adjusting infiltration
capacity under conditions where infiltration acours at a rate below that of infiitration

'.capaci_t_y. They also have the disadvantage that quite a lot of data are required to

calibrate the equations. The more popular of these, tha-detiakﬂV, the Hoiton, and the .
Haltan equations are described in some detail by Ward, 1981, and are briefly described

below,

Kostiakoy Equation

The Kostiakov infiltration equation was proposed in 1932, and has the form:
" where: S Is the infiitration capacity.
' ¢ is the time from the start of infiltration
K;, can be evaluated by fitting a straight

a Iline to the data when log f is plotted against log t.
This equation implies that at high values of t, zero infiltration oceurs,

" Horton Equation
The Horton equation was advanced jn 1940, and has the form:

A A e

where! [ is the infiltration capacity at time ¢
Jo is the infiltration capacity at time zero
fo Is the final, constant infiltration capacity L
P is an empirical factor
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In 1964 Betson modxﬁed Hortan’s equation to account for pre-pondmg.
mtercepnorx, and pattial area runoff:

Fea+f, ,D+(f;,—f3(8"’”-="’“’"'.'5’) +hR _ -. | . (4.6)

where: F is the total infiltrated volums
- D ig the storm du'ration in hours
R is the storin rainfall (inches) '
f, is the infiltration capacity at time zero
fa.is the final, constant infiltration mpacity .
' a, m, h, are an empirical factors - .

413 Holtan’s Eﬁua_;tlon

The Holtan equation was developed in 1961, and expresses infiltration capacity
as a function of the storage potential of the soil in the root zone.

: ffﬂ*a(s.-f)" . _ ' - @7

whére fis the infiltration capacity
| f, is the final, constant infiltration capacity
F is the accumulated infiltration volume -
S is the storage capacity of the root zone
a is the intercept of a log-log plot of (f.)) versus (Sy-F)
b is the slope of a log-log plot of (f:f,,) versus (S,-F)

It has the advantage that infiltration capacity is related directly to soil moisture
storage, and so can modal conditions where infiltration is less than infiltration
capacity,

The infiltration capacities used in all of these equations have to be measured. The

empirical factors aiso need to be determined from experimental data. A simple way in .
which to measure these would be by using a doubie-ring infiltrometer,
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o The 'physlcal soil flow equations attempt to describe actual flow mechanisms within the

soil, under the inluences of grawty and suction.  Darcy studied the flow of water in

'homogeneous soils, in one dimension. His law has been found o hold for three

dnnensmns also, 1t is, hOWever only applicable in the range of ‘viscous ﬂow, where
Reynolds numbe.r is less than ?.000 :

re-%4 o e

. .vq_;r]_:éi"ei " Visthe felocity of flow

dis the dimension of the pores
v Is the kinematic viscosity of the flnid

B Darcy's law dasch'bes the rate of flow as proportional to the hydraulic gradient:

ﬁz :
where: Kisthe hydraulic conductivity (dependent on the propertiés of the flow

medium, as well as the permeant

dh/8z is the hydrauhc gradient, the rate of change of pressure head thh
distance

q is the flux of water through the soil

Amording to the equation of continuity:

56 % | (4.10)
5t &z .

where: 88/4t is the rate of change of water content with time
dg/8z is the rate of change of flux with distance
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: Cambm.mg equation 4.9 and equdtion 4.10 yields the general flow equation or Richards’
equation, .elatmg hydraulic gradient to change of water conteat.

L s, 6( a¢] @

Y TR T

where: -, 80/8 is the. rate of change of water content wnh time
o 8h/z is the hydraulic gradient
K is the hydraulic conductivity

| 1If expressed in terms of suction head, rather than hydrauhc gradlent the equatmn hat
the form: s : )

30_8fpd¥) 8K - @A)y
&t dz\ 8z) bz S :
~ where | wlsthe suction head

and the last term accounts for the effects of grawty
56/8¢ is the rate of change of water content with time
84/8z is the suction gradient

K is the hydraulic conductivity

If so:l moisture content 6, and suction ¢ are uniquely related then the equatmn may be
expressed as: : :

86_8(,88) 8K 38 _8(K80)_3K
O | = 413
D azLD dz/ 3 R 3 32\C 3z] &z )
where; D is the soil moisture diffusivity, D = K 8y/58
~ (note that D is not defined for positive heads, and that K is dependent
on ¥.)

C is the specific (or diff:rential) water capacity, C = -86/5y
The evaluation of perameters, C.D, and K is discussed in detail in Chapter 6. .
The physically based flow models are all based on these principles, The above equations
describe one~-dimensional, vertical flow, but can be modified to aceount for horizontal

flow, and multi-dimensional flow. They consider the soil to be jsotropic amd
homogenenus,
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Pﬁilﬂp!s Equation .

Phi].tp developed a mathematlcal solutlon to Rlchards equation iv 1957. The

’so"lutwn is valid only for pnnded conditwns - (Hillel, 1080)

H_Zi.s' solution for cumulative infiltration is:

1 3 ' .
REmst T +(Ay kYAt Do A ot A 4P @9
And his solution for inltration rate is:
i(f)-’-;-at 3&-(,4424-1;'“)-|-%..-isx-2 +..,+-;£A,,t"’zf1 . (4.15) _
where: the coefficients 5, A, + kp , Aznd, are calculated from K(6)

and D(6), and & is called the 'sorptivity"
Green and Ampt

The Green'. and Ampt equation was proposed in 1911, It is developed “rom
Daicy’s law . It assumes that suction at the wetting front remains constant, and
that the soil behind the wetting front is uniformly wet and of constant
conductivity. It works well for initially dry soils, especially coarsely textured soils.
It has been used successfully to predict infiltratior from steady rain, (Hillel,

- 1980) It has the form;
FoK .If‘_’._i.__w{ @16
g .
where: ~ fis the infiltration rate

Hy, is the pressure head at surface

H, is the effective pressure head at the wetting front
L is the Jistance from surface to the wetting front

K is the hydraulic conductivity of the transmission zone
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 "The Green and Ampt equation is popular because it s relatively casy to apply.
It has the advantage thata smgle infiltration curve can be used for all application
rates, (unlike the time dependant empirical equatmns) It hias the ﬂexlblhty for
. describing infiltration under varied initial, boundary, and soil profile conditions.
* Wau.tan parameters have physical significance, and can be computed from sofl
prop--"- — Usmg field measurements, and ﬁttmg measured infiltration data does
however allow fur effects of heterogeneity, worm hole.s, crustiag, ete, (Jensen,
198!]‘ '

Sevéral researchers have made modifications to the Green and Ampt equﬁtiun
- The most well known modification is a two-stage form, proposed by Mein and
Larson, 1973. For infiltration prior to pondmg they propose the equation:

p,._’fﬂ’_ )
!
where: Hf'.is the effective pressure head at the wetting front
1is rainfall intensity - - S
K is hydraulic conductivity
49 is the difference between initial moisture content and

(417)

‘saturated moisture content

F is the infiltration volume at the time to surface pondmg

Meéin and Larson also suggested that the parameter & £ be evaluated as foﬂuws:

B [ H dx, (4.18)
K=
where: K, is the ratio of hydraulic conductivity to saturated hydraulic
conductivity .

H is the pressure head at a given conductivity
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Nusmerical Sotutions
" The Richards equation can be expressed in finite difference form. Given initial
. conditions, the equation can be solved to give the distribution of soil moisture
_' Wlthll'l a profile, as it changes thh time, and hence the amount of water which
can: infiltrate durmg a time sf.ep '

'The soil d# © réquired for the solution of t]us equatlon are dltﬁcult to obtam,
" andmo. selutions ignore hysteresis.

The e.quatmn can be written in a forward difference scheme whnch is eaay to
“program, but the solution becomes unstable viless the time step is kept smaﬂ :
enough. The equanon can also be written as & backward difference soheme, - -
which leads to a sef of imp.licit,._ siniultgﬂaous, nqnlineai' equations, Time centred,
(Crhnk-Nicholsun), and uncentered schemes may also be used, Finite difference
schemes have difficulty with complex geometries of flow regions, and

moving boundaty conditions, Finite element schemes may also be used.
(Feddes et al, 1988) -

Modelling Other Effects on Iuliltration

Additional effects on infiltration such as air éntrapment, overland flow, sealing; crusting, -

- and flow through macro-pores, are generally ignored in computing water balances.

Attempts have, however, been made to quantify these effects. Somie of thls work is
Jdescribed below

Afr entrapment

‘As the wetting front advances, under ponded conditions air pressure of
entrapped air rises, and so causes a rapid reduciion in infiltration rates {which

is not predicted by Richards' equation.) As air .scapes, the infiltration rate rises . -

 again and approaches a constant value, which is always less than (between 30%
and 90% of) the saturated hydraulic conductivity. -
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MofeI-Smaux and Kanji, in 1974, modified the Green and Ampt equation to
* account for air resistance. (Ward, 1981} Their equation is as follows:

ﬁh'erc: : f is the mfiltratlou rate

N Hy is the pressure head at surface - _ _
H f is the effective pressure head £y the wettmg fmnl
Lf is the distance from surface to the wetting front _
K is the hydraulic cn_nductmty of the transmis.ion zofe - .
P is a resistance correction factor between 1.1 and 1.7

g should be noted that if K is measm-ed in the field accordmg to correct -
procedures,theﬂ*erm:smcludedm!{. . S Lo

Other more complex relationships to describe two phase ﬂow have also been
developed These are revlem‘d by Ward, (1981).

'Figur'e'. 4.1 shows the effect uf.lair' entrapment on infiltration.

INFILTRATION RATE

"--. e o SRR

TiME

Figure 4.1
‘The effect of air on mﬁltratlon as predicted by solution of the Richards equation by the
methods of Brustkern and Morel-Seytoux (1970), and as observed by Mc Whorter (1971)
(after Jensen, 1980)
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Adjusting ponding depth

'The effects of the slape of the surface can bi allowed for by appropriately
" adjusting the depth of ponding at the siwfacs, This can be done by applying the

’kinematic equations’. The process is déscrived by Akan and Yen, 1981. If such

- a procedure is adopted, a multi-dimensional system has to be used.

Sealing and Crusting

A seal or crust can develop éver soils, under the beating acilon of r&indfops;
which catises 50..¢ t disperse 'This effect is particularly impextant in sodic soils,
where chemlcal dlspermon A8 well as physical dlspe.rs'cn CCurs, 'Ihls chemical

affect i is discussed in more detaul in Chapter 9, '

B The presance of vegetation breaks the impact of the ramdrops, a.nd 80 reduces_

their sealing effects,

'The presence of a seal can greatly reduce infiltration. Reducnons of up to 60%

have been reported. (Ward, 1981) The effect of a crust is illustrated in figure 42, -

Hillel anid Gardner, haVe developed expressions to quantify infiltration into crust-
topped profiles for steady infiltration, and transient infiltration. (Fillel, 1980)

Layered Prefifes

‘Layers of material of differing hydraulic conductivities may significantly affect

the advance of the wetting front, If a layer of finer materis] is encountered,
water will drain through the upper soil faster than through the fine layer, and
water will accumulate above the fine layer. If the layer is coarser than the soil
above, the layer will not conduct significant amounts of water until many of the
pores are filled with water, This will occur at much lower suctions than for the
finer layers. When drainage starts, the coarse layer will stop conducting water at
fow suctions, so the water content of the layer above will remain higher.

Finite difference solutions of the Richard’s equation -can deal with [ayered
profiles. If model parameters for the Green and Ampt equation are determined
by field measurements on the heterogeneous profile, these effects will be taken
into account. ' '
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Time deperidence of (a) mmulatlv'e.inﬁltmtlnn and of (b) infiltration rate for uncrusted and
. crusted columns of Negev loess. (after Hillel and Gardner, 1969, cited by Hillel, 1980)
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Preferential Flow Paths.

Oftens part of the infiltrating water travels faste than the wetting front. .
Sometimes this occurs through ’macro-pores’, and sometimes as a result of

wetting front instability, Macropores can be caused by settlemient cracks,

shrinking of soil on drying, plant roots, and soil fauna, (such as termites, and
earthworms.) Modelling macropore flow has been dealt with by using a ’two-
domain concepf’ (Feddes et al, 1988). As the water moves through 2 macro-pore, -
it interacts with the water in the matrix. In numerical modelling, this water may
be added to the matrix, at the bottom of the crack as a source,
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 CHAPTER 5

LITERATURE REVIEW ON QUANTIFYING EVAPOTRANSPIRATION

In assessing eﬁaputrﬁnspiration, ‘the usual approach Is to first estimate the potential
evapotranspiration, This figure is then adjusted for conditions where the soil moisture content
is limiting, and for the effect of vegetation, giving the actval evapotranspiration,

The value of actun} evapotrahspiratiou can then be deducted from tha total amount of water
stored in the soil, This process of redistribution is described in more detail in chapter 6,

Methods for estimating actual evapatranspzranon ‘without first estimatmg the potential
. evaputranspiratxon exist, but are complex and difficult to use,

The process of evapstranspirati a depends on the enierpy balance, and on the principle of
conservation of mass (in this case mass of water) Many methods of assessing svapotranspiration
are therefore based on determining these balances,

1 POTENTIAL EVAPOTRANSPIRATION
Potential evapoiranspiratior is defined as evaporation from. an extended surface of a green crop
-which fully shades the ground, rvetts neglip" * tance to the flow of water, and is always well

supplied with water.(Rosenberg, Blad, 4, 1983, as quoted by Schioler and Savage, 1989)

~ Methods for predicting potential evapotranspiration are discussed in numerous texts.(eg Scholes
and Savage, 1989; Hojem, 1988; Hillel, 1980) The prediction methods may he classed as follows:

® Climatological models

& Micrometeorological msthods
® Direct measurements
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L) Glimﬂtolnglcul models

Some of the mote popular climatclogical models are given belasy. They are popular
because they are easy to apply, and do not require vast amousts of data. They are |
empirically derived. {Some of them do however, have physically-based elements.) Cate
should therefore be taken to apply them only to conditions which ave similar to the
conditions under which they were developed, :

114 Thorathwaite (1948)
o162 10 ’") (cmjmon!.h) B
_ 27 '
where Eis po'tent_lnl'e\fapotranspiration
T is mean daily temperature © C)
118 (Tyeay/5) 514
and
a » 675107 - 77107 (S + 0.01792(20) + 049239 (52)
112 Blaney-Criddle (1950
E-X _‘E.)amwmonm) S )
100
where  Kis & crop constant

{ is temperature (° F)
p Is monthly % of daytime hours in the year
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12.1

Linacre (1977)

T00T, J(100-A)+15(T-T)) - . (84)

~where T is the metin temperature
' T, =T+ 0006 h
k Is the elevation in metres
Tg is the mean dew point
(T-Ty = = 000235 + 037 T + 053R + assﬂm-JM (°C)

Jensen and Haise (1963)
E~,MT037R, - ‘ (5:5)
where | E is potential evapntfanspimtion

T is mean daily temperature (° €)
Ry Is solar radiation at'the top of the atmosphere

Micrometevrological methods

These modgls are derived from physical bases, They are relatively difficult to use
because they need 4 lot of data which is not always easily obtainable. Simplifications
have, however been made, which make them more easy to use,

Dalton (1802)
LE~(s,~e)f(s) - 68

where E ig potential evapotranspiration
L is the Intent heat of vaporisation of water
Ju) is a shape factor
g5 is the vapour pressure at the temperature of the surface
¢ is the vapour pressure of the air above the surface
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Penmian (1948)

_ _r_g;a[(ﬂ.,(_l "”9'1**0;55%?)"(""‘3(075""_-“?*3’)@-1 4.09_%))]

_\irhe're:

In Dalton’s equaﬁnn, the term e, is difficult to assess, since the temperature of
. the soil surface is required, Penman used an energy balance to. reduce
* Dalfon's equation to a form for which data may be more easily weasured.
. His equation is: ' -

(_5.7)

| "‘.'A: Q'.Ss'(l.g.%)(e'-ea)]w

E is potential evapotranspiration

L is the latent heat of vaporisation of water

A s the slape of the saturated vapour presstire v temperatiire
curve at air tetnperature ' )

- R, is solar radiation at the top of the atmasphere

r is the albedo

n/N is the ratio of bright sunshine to sunshine

o is the Stefan-Boltzman constant = 2.01 x 10 =% mm Hg/d
T, is the absolute mean daily air temperature (K)

45 is the mean wind velocity at 2 metres

¢, is the saturated vapour pressure at dewpoint  *

e, is the actual vapour pressure at air temperature

2 is mean saturation yapour pfessure at air temperature

y Is the psychrometric constant { 049 mm Hg/°C)

‘Although the data for the Penman equation Is theoretically more easily
measured, not many weather stations measure all these parameters, so the
squation is in fact rather difficult to apply. Many modified forms of Penman’s

equation have been proposed, One of the most well known of thess being the

Penman-Monteith equation (Monteith, 1965) which takes stomatal resistance of
plants into account,
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‘13 * Direct measurements
- 131 Lysimta_l;erﬁ

'I A soil proﬁle is reconstructed, usually in _tlie field, in a large .:_:untainei_'. The -
container is mounted oh a pressure cell so that the mass balance of the profile
¢an be measured. Provision is usually made for the collection of water
percolating throtgh the bottom of the contairier, This method is expensive and
is not accurate, since water movement in the profile is disrupted by the bass of -
the pan which is nsually only about a metie deep, (Séhdles and Savage, 1989)

132 Pan evaporation o o ' '

Evaporation pans are often installed at weather stations, and so this type of data
is fairly re‘adil}' available, The standard pan usually used is the American ‘class
" A pan’, The potential evaporation is taken to be equal to 0.7 times the pan
evaporation. (Hojem, 1988) Inaccuracies in pan measurements can arise as 4
 tesultof teading errors. Large differences in evaporatioﬁ rates can be found aver
short distances.sometimes, as a resiilt of a change in microclimate due to relief. -
Care must be taken to ensure that the microclimate of the evaporation p‘én

" matches the microclimate of the site to be simulated. '

%  ACTUAL EVAPOTRANSPIRATION

Although in the caloulation of potential rates, evaporation and transpiration are ustally Iumped
together (as evapotranspiration), in the assessinent of actual rates, the two terms are often
separated out,

Methods of evaluating actua! evapotranspiration may be divided into empirically based methods

and physically based methods, The physically based methods can usually be applied directly
without assessing potential rates. The empirically based models are, however, easier to apply.
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2.1  Physically Based Predictions
 Actual Evaporation

.. The Proeess

Evaparation from soil takes place in three phases, The first is the ‘constant rate’
‘'stage, when the suil is wet enough to supply water to the evaporation surface at
a rate which matches the evaporative demand. As the soil becomes drier, it
becomes less conductive, and so evaporation takes place at a rate which is lower
than the evaporative demand. This is termed the 'falling rate’ stage. When the
soil becomes very dry, conduction of water in the liquid phase virtually ceases,
but water continues to leave the soil by a process of vapour diffusion. This is -

- termed the ‘slow-rate’ stage. (Hillel, 1980) Figure 5.1 illustrates the thres ata_geé._ _

Figure 5.2 shows how the moisture diffusivity of soil decreases initially, as the
soil dries, and then increases again, with further drying, when vapour movement
becomes dominant, According to Feddes et al, 1988, neglecting the last stage of

. evaporative drying can lead to large errors, especially in arid climates.

Evapoention rale

Tima . Tima

Figure 5.1

() Relation of evaporation rate fo time under different evaporativities. (b) Relation of
~ evaporation rate to time, indicating the three stages of the drylag process. (After Hiliel, 1980)

A popular belief is that evaporation from soil surfaces only takes place to depths

of about 300 mm (Scholes, pers comm, 1990; Schroeder et al, 1983; Hojem,
1988.) In the case of landfills, it is commonly believed that the relatively large
pores of the refuse prevent upward movement of moisture under capillary action,
50 that once water has passed through the cover of the land_ﬁ]l, it cannot be
returned to the atmosphere by evaporation. {(Fenn et al, 1975)

61



160751
"

0l

{n? sac"1)

108}

- gt

Figure 52
Relation between molstm-e diffusivity () snd msoisture content () for Yolo light clay. For _
8 < 0.06, D includes dominant contribition in vapour phase.(Philip, 1974, cited by Hiltel,
: 1980) '

Therc is hiowever, evidence to show that water moves up. under evaporative
gradients from far preater than 300 mm, and does indeed evaporate from refuse
beneath soil .covers..'B]ight_, 1965, recorded moisture-related movements in clay -
at depths of 8 m. .H'ojem, 1988, measured seasonal changes in water content in

a landfill profile to depths of about 15 m. Data given in Chapters 9 and 11 of this
dissertation wilt add to this evidence. : : '

* Theoretical Methods of Evaluating Actual Evaporation from Sofl

A number of analsrtical solutions of the flow equations, to evaluate evaporation
from soil surfaces have been put forward (Hillel, 1980).

Fayer and Jones, 1990, use Fick’s law of vapour diffusion to predict evaporation.
This method accounts for movement of water through soils in the gaseous phase
under non-isothermal conditions, The solution involves solving the energy
balance using Fourier's law of conduction, as well as terms to account for latent
heat.
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Methods of Measuring Evaporation from Soil

. posslble methods

| Meaé'urémént of evaporation from the soil surface is also described by Scholes

and Savage, 1989, Remote sensing techmqnes and lysuneters are. hsted as.

Actual Transpiratien

The Process

The upféke of water by plants depends on the amount of water stored in the soil,
atmospheric conditions, and the physical characteristics of the plant, (Such as the
surface area of the plant leaves, and the distribution of roots within the soil)

. Computing transpiration in detail invalves solving the enéi'g'“ balance. Energy

supplied from radiation doeswork in extracting water from the soil, through the
plant, The plant (its roots, stems, and leaires) offers resistance to flow. The
resistance of leaves can change, as the extent to which the plant stornata open
depands on the avai.labihty of water to the plant.

Plants are able to extract water from depths to which they send their roots, which
can be up to 5 m for grass, and far greater for trees. In the case of landfills

-anasrobic conditibn_s exist at shallow depths, as a result of the production of '
landfill gas. This gives rise to the popular assumption that plant roots can not

penetrate landfill covers to depths greater than about 200 mm. Numerous
examples of landfills being successfully revegetated, with large trees, do however,
exist.(eg, Bttala, 1989) This would enable water to be drawn out from great
depths from within a landfill. |

In this study no roots were found to penetrate the cover deeper than 150 mm,
on the central portion of the test landfill. Large trees are present on the slopes
of the landfill, It is, however, suspected that their roots do not penetrate deeply
either, because of the presence of landfill gas,

63



Theoretical Methods of Evaluating * ttal Transpiration

The soil-plant-atmosphere system can therefore be conveniently thought of as an

electrical circuit, where the atmosphere is the basic source of energy, and the

~ roots, leaves and stems of piant& are resistances, (Hillel, 1980), 28 shown in.

: ﬂgure 5.3 below, The uptake of water is not usually modelled in such detan], and
_mugher, empirically based methods are used. : : '

. . . j ATHOSPHERIC SIWK ¥(t]
SOUACE: RAIK OA PRRIGATION %
_ l |—" E LewvEs
o . STed
© SOML SURFACE e —=)m = se i e m e e e a——
4 ; :
by
L .. )
e %
2
¥
§ {meme =i BOITON OF ROT 20HE
'f’..,. .
i ';;
kmms:
Figure 53

Schematic representation of a voot system as a resigtance network. Scil layers are shown as
capacitors, linked by the variable of unsaturated vertical flow, and discharged by the roots
through the variable resistance of the canopy, The roots are represented by a resistance to
absorption and a resistance to conduction (the former being inversely propertional to rooting
density in each layer, and the latter divectly proportional to depth,) The diodes st each Iayer
indicate poe-directional flow into the roots, The atmospheric sink s shown to be of variable
potential. The battery at upper left represents a source of water recharging the soil layers
during episodes of rainfall.The ¢, , ¢,. values indicate the potential values for water in the soil
and roots, respectively, at varluus levels in the profile. (After Hillel, 1977, cited by Hillel, 1980)



.Meth'dds of Mee'surihg 'I‘-ransph*ntlon Rates

Measurement of actual tmnsplratlon rates mclude the techmqnes of gas analysis,
lysimetry, heat pulse methods, cut shoot methods, and m.lcrometeorologlcal
methods, descnbed by Scholes and Savage, 1989, _—

a3 -Empirii;al_ Me?mads'

3 ._ These methods assume a maxinim depth of evapotranspiration and empirically relate

- 220

~ actual evapotranspiration to soil moisture content.

Thornthwsite and Mather

Thornthwaite and Mather developed a set of tables which relate the cumulative

* water deficit to the moisture content of the soil, for soil of different water - -
- holding capacities. The tables are empirically derived, The method is desmbed
in detail by Hojer, 1988.

Leaf Area Indices

‘Leaf area index methods separate soil evaporation and planf evaporation

components. The leaf area index (LAI), is the ratio of leaf surface z 2a to
projected ground area beneath the canopy. For high values of LAI actual
evapotranspiration may exceed potential evapotranspiration.

The ratios of transplranon to soil evaporation are related empmcally by
equations of the form:

T .
P (-emHIAD) (5.8)
EP
2 ¢ MIAD (5.9)
E o :
F .
Where; T, is the potential transpiration rate

E,, is the potential evaporation rate from the soil
E, is the potential evapotranspiration
€ and k are empirical factors

65



o ‘Actual transpiration and- -evaporation rates are commonly evaluated from empirically
derived tables relatmg the water content of the soil, to the ratios of potentlal and actual
 evaporation and transpnanon

The potentlal transpl.-anon may be distributed over the root zone,relatxve to the root . . -

density at each depth, providing 2 potentlal sink term. The actual sink term is then'
computed based on the soil water oontent.. (eg Fayer _and Jones, 1990, Schulze, 1_984)

There are other factors which may affect evaporation from landfills, but which the methods '

;}"dlscus.sed above do not allow for. Among these are the effect of crackmg of {andfill covers, the

effect of heat generated by landfills during blologlcal reactions, and the loss of water vapour
entramed in landfiil gas. '
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CHAPTER 6

LITERATURE REVIEW ON QUANTIFYING STORAGE AND REDISTRIBUTION

~ In this section the redistribution of soil water under the influence of suction gradients

_ (introduced in Chapter 3) is discussed in detail Relationships between properties such as’
bydraulic ubnductiﬁty, water content and suction, which describe the soil moisture storage state _
are exumined, : ' :

1 SOIL MOISTURE MOVEMENT

_ .There are two baees on which soil water flow is commonly computer. The first is the use of the
' leaking tank’ §-e:s, The second uses solutions of the Richard's equations (as described in
* Chapter 4) ' ' .

| 11 The "Tank’ Model _ ' o

* In this case the soil profile i considered to consist of several horizons, which fill with
water until field capacity has been reached, and then start to drain into the next horizon. -
{(eg Schulze, 1984 Holden, 1991} This is not realistic since water redistributes at water
contents far lower than field capacity. "Tank’ models do, however, usually allow for the
portion of soil water that falls between field capacity and wilting point {0 be drawn out
by evapotranspiration, to limited depths. Simple algorithms, based on a pe_foenta_ge of
the relative moisture conterits of the profiles have been applied to redistribute water
both upwards and downwards, at mgisture contents less than field capacity. (Schulze, 3
1984) :

12  The Flow Equations (Richard’s Equation)

The Richard’s equation describes the redistribution of water in the liguid phase, under
the influence of suction gradients and gravity, under isothermal conditions, It assumes
that water is incompressible, and that the air pressure in soils is constant. The short-
comings of some of the assumptions associated with Richard's equation are discussed
below.
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The solution of the Richard's equation reqﬁires detailed information concerning the
relationship between soil moisture content, soil suction, and hydraulic conductivity.
- Methods of determining these relationships are discussed in section 2 of this chapter.
Short-Comings of the Richards Equations

~ Thermal Gradients

Thermal gradients may interact with suction gradients to influence the fiaw of
water. Soil water viscosity, and soil water diffusivity are temperature dependant.
Marshall, 1959, describes liow the flow of water may be influenced by thermal
gradients in three different ways, These are given below.

Thermo-osmosis - Thermo-osmosis is the movement of water in fifms nnder the
_ influence of changes i in water affinity with temperature,

Thenﬂampiﬂary movemenis - Surface tension decreases thh increasing
temperature. Suction therefore. Jso decreases with increasing temperature, so
that water tends to moves from hot areas to cold areas,

Vapour movement.- Water may move iri soil not only as a liquid, but as a vapour
also. The use of Fick’s [aw of vapour diffusion and Fourier's law of conduction, .
to predict vapour movement in 1 soil matrix, under thermal gradients, is
described by Fayer and Jones, 1990,

According to Feddes st al, 1988 , in arid and semi-arid reglons, the application
of simultaneous water and heat flow principles is essential to model the wate:_

balance correctly.

Landfills themselves generate heat for a number of years, due to biological
reactions occurring within the waste, This may affect soil mojsture movement .
significantly. '
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Air Pressure

The assumption that air pressure i constant is generally realistic under
" unsaturated conditions, Under ponded conditions air may be trapped and air
pressure may build up, This has been dealt with in Chapter 4.

Macrapores

The effects of macropotes on soil moisture movement, and methods of
accounting for it in solutions of the Richard's equation have been discussed in
Chapter 4, Macropore flow may be very important in landfills, where covers
crack extensively due to differential settlements.

o Lateral flow

A one-dimensional flow model cannot prediat lateral flow. Lateral flow appéﬂrs
to be important in landfills, (Evldence'in support of this is given in Chapters 9,
11, and 13,) Richards’ equation caii be solved for two-dimeénsional flow, althuugh
it is most commonly used in its ofie~dimensional form. ' '

SOII; MOISTURE STORAGE

- Ths concepts of soil suction, fleld capacity, wilting polat water content have been introduced in

Chapter 3. Additional terms commeonly used to describe the soil suction-moisture relationship
are the residual water content and the air-entry value, The air-entry value is the suction at which
soll begins to de-saturate, The residual moisture content is the moisture content which is

asymptotically approached as the suction becomes very large (10 000 kPa)

Tha inter-.relationship of these parameters is illustrate:} in figure 6.1 below and a description of

~ how to evaluate these parameters follows,

The inter-relationship of hydraulic conduetivity, suetion “nd molsture content has been
introduced in Chapters 3 and 4, and is discussed in further detail jn this section,
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Figare 6.1

A hypothetical relationship between the water content and water potential of a clayey soil,
llustrating the relationships between pore size, pore volume, residual water contens; 68,.,.,
watcr content at wilting point, 0, field capacity, B¢, saturation, 8, ., and wilting potential,
¥, p(after Scholes and Savage, ?EBS‘)
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Mensureinent of field capacity, and wilting point

Field capacity may be measured in the laboratory as described in Appendix A. Scholes
and Savage (1989) recommend applying a suction of 10 to 30 kPa, and then measuring
the moisture content, o ' S

Measuring field capacity in the field enfails wetting the whole profile and then
determining the moisture content. (Hillel, 1980) This is very difficult to achieve,
especially in areas of deep water table.

Wilting point may be determined by meastiring water content after applying a suction
of 1 500 kPa, or by mensuring the water content at which plants do not recover from
wilting. .

" Determination of the Retentivity Curve (Suction - Moisture Content Relationship)

In order to solve the Richard's equation, a knowledge of the water content versus suction
curve (or soil water characteristic) for the soil s required. Measurements may be made
in the laboratory, or the field, but are time-consuming and diffientt, (Measuring in very
high suction ranges is especially difficult.) A number of empirical relationships based on _
soil texture have been developed to describe the curves. The use of experimental or

~ empiricaily detived data can be facilitated by a number of curve-fitting techniques also.

‘Labioratory Methods of Determaining Suction-Water Content Curves

Pressure plates, or tension tables may be used to measure the soil moisture
characteristic. This method is useful only for low suction measurements.

Pressure is applied through & porous membrane. For desorption curves, the
sample starts out saturated, When the outflow of water ceases, the water contant -
is determined gravimetrically. For low suctions the membrane may be filter .
~ paper, sintered glass, sintered bronze, For suctions of about 100 kPa, a ceramic
membrane {s required. For pressures of 1000 kPa a cellulose acetate film s
required, For sorption curves, the soll has to be allowed to absorb water from
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the atmosphere whoss relative humidity is controlied by & specific concentration
of sulphuric acid or salts, or an imipossd vacoum. (Jensen, 1980)

' "The suction may also be measured in laboratories using psychrometers, or filter
paper.These methods may also be vsed in the field, and are discussed in detail
in Chapter 7, Filter paper and psychrometric tech'niq_ues are useful for measuring
suctions in the higher ranges, :

Regression Relationships for Determining Suction -Water Content Curves

-Regressibn relationships relating soil-texture and bulk density to moisture
cofitent, at given potentials have been deve_loped. Two of these methods are
given below. - . '

Rawls et 2l - Rawls et al (as quoted by Everett 1987) developed a regressmn
relatwnshxp of the form:

0,-a(% md)w(% SD+c(% chy)w%awgmcmﬂer)u(bulkﬂemm (6.1) '

where @, is the volumetric water content at a given potential
a,b,c,de are regression coefficients

'The equation holds for twelvé soils between potentlals of 10 kPa and 1500 kPa,

Hutgon - Hutson, in 1983 (quoted by Everett, 1987) developed & similar
regressmn equatlon.

8,~By + B,Cl + B,Si + ByfSa + B,Pb (6.2)

where &, is the volumetric water content at a
Bg,By,B5, 83,84 are regression coefficients
Cl is the % clay
Si is the 9 silt
fSa is the % fine sand
Pb is the bulk density
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 Curve-Fitting Methuds for Suetion-Molsture Content Relationships

A function defining a smooth, continuous curve may be more convenient to use
in purnerical analyses, than is a set of tabulated data, measured in the Jaboratory,
or obtamed by theoretical methods, A ‘number of curve-fitting tecimques are

 uged to obtain smooth curves. Some of these are discussed below.

Campbell - Campbell (quote'd by Everett, 1087) developed an expression relating

suction to volumetric water content The differential water capacity (dﬁ/dl[l) may

- also be calculated from th:s relatlonshxp

©64)

‘where 8, is the saturated volumetric water content

¥ is the suction
@ is the given water content
a,b are determined empirically

Hutson - The above curve js discontinuous at ¢ = a, or the air entry potential, -
Real soils do not exhibit such abrupt discontinuities. Hutson developed a two-
- part retentivity function. (Everett, 1987)

The point of inflection of the curve is given by:

259,
" Togb , (65)

_{ 26\ - 6.
W ‘{1+2b) €9
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Between zero suction and the point of inflection, the curve is described by:

- 8,1%(1-8/0) 6.7
° a¥Bjey™® “n

(6.8)

~2e:{1—- lqs X |
(69
dqr Z(e, ]-ﬁ : 9

The fitted curve is illustrated in figure 6.2

Fﬁyer and Jonies, 1990, describe four methods of fitting curves to data relating
moistura content and suction, namely polynomial methods, Haverka:..p functions,
Brookes-Corey functions, and van Genuchten functions. These functions are -
described below. '

Polynomials

Beatb log(y)+e logi(#)+d log'(¥)+e Tog'y) (6.10)

where a,b,c,d,e are regression coefficients
6 is the volumetric moisture content
# is the suction head
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: Figure 62 _
_ ‘A two-part retentivity curve
(After Hutson, 1983, cited by Everett, 1987)
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'Haverkanip Functions

¢ BB e S N (A1)
. (a+yf) :

. where ' B are curve fitting ; ':_rameters

@is the volumetric mpisture éontent
i is the suction head -
8, % the residunl water content

@, is the saturated water content

Brooks-Corey Functions
. =) - .
a_a' +(e‘__e ,J(%) b) o ] (6.12)
where © b s a curve fitting parameter

dis the volumetric moisture content
_ ¥ is the suction head

iy is the air entry suction head

@, is the residual water content

8, is the saturated water content

van Genuchten ancﬁuns

8=0,+(8,-8 {1 +(apy[™ - (6.13)

where a,m,n are curve fitting parameters

@ is the volumetric moisture content
¥ is the suction head
8. is the residual water content

8, is the saturated water content
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23 Determination of the Suction - Hydraulie Conductivity Relationship

234

232

Saturated Hydraulic Conductivity (Field and Laboratory Methods)
 Laboratory Mpthods

- Hydraulic conductivity can be measured in the field using single, or double ring
 infiltrometers. A double ring is used in an attempt to achieve one-dimensional

flow, The TS EPA recommends & 12 foot square outet reservoir, and a 3 foot .-
diameter intier reservoir, in order to obtain a representative sample area.

'(BEPA/625/4-89, 1989)

 Field Methods

Conductivity can also be measured in the laboratory using a triaxial
permeameter. A cell pressure and a back pressure can be applied to ensure
saturation.The sample size used is small and may be unrepresentative of fieid

- conditions.

Unsaturated Hydraulic Conduetivity (Field and Laboratory Methods)

Laboratory Methods

Richards, 1965 describes a method of determining unsaturated hydraulic

' conductivity, using measurements from the outflow from pressure plates,

Field Methods

Scholes and Savage, 1989, and Feddes et al, 1988, refer to the ‘instantanieous
prgﬁ'le method”, and the method of ‘plane of zero flux’ as methods of
determining unsaturated hydraulic conductivities in the field, They point out that
these methods are very time-consuming, |
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Theovetical Calculations and Curve-Fitting for Determining Unsaturated
‘Hydraulic Conductivities

‘Measuring  unsaturated hydraulic conductivities is very time consuming
‘Theoretical and empirical methods of predicting unsaturated hydraulic
conductivities wluch may elirtinate tedions testing prucedures, aré discussed

below.

Calcnlations based on Capillary Models
Scholes and Savage, 1989; review calcujations by Marshall, Millington and Quirk, -
Iackxon, Mualem and Beukes, based on capillary models. Marsha]l, 1959

discusses hydraul.l.c conductmty caleulations, based on soil pore space

Regtessions based on sull-lae:rturé data

Everett, 1987, describes how Rawls et al, in 1982 used a large database to o

correlate conductivity at a gwen degree of saturation to soil texture. Their
solution was given in graphical form Saxton et al in 1986, extended this work hy
providing a mathemancal relationship to describe the graph:

K =278 + 10° ‘{exp[n 012 - omsS(%semdj " - _
[-3.895 + 0.03671(%sand) -0,1103(%clay) + B.I546 x 10"‘(%clay)’] (1.14)

g

where K is the hydraulic conductivity

8 is the given water content

78



.~ Calculations usirig Water Retentivity Functions

o Hutson divided the retentivity curve into 40 segments and summed the
contnbutmn of each pore size class to tfotal conductmty, obtammg the
relatmnshxp gwen below {Everett, 1987} :

—(6664x10"’)(b-‘““){°’) (mmiday) (615) -
(8 o | (616
x x{e']“_ o

where @, is the saturated volume.tnc water content
i is the suction -
@ is the given water content
a,b are determnined empirically
Kg is the saturated hydraulic conductivity
K js the hydrah]ic conductivity '

]

- Fayer and J onés_, 11990, describe four methods of calculating ups'aturated
hydraulis cor.ductivities, based on moisture content - suction relationships, and-
saturated hydraulic conductivities. These are given below, - '

-Pobnmnia&
logk = a+b log(i+e Tog(r)+d log*(W)+e log*(sk) (617)

where a,byc,d,e are regression coefficients determined from the moisture
content-suction relationship in equation 6,10
i is the suction head
K is the hydraulic conductivity
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 eHaverkamp Functions

A (618)
Arp® ' '
where A,B are curve fitting parameters based on the moisture content-

suction relationship in equation 6.11

| ¥ is the suction head

- K, is the saturated hydraulic conductivity
K is the hydraulic conductivity

oBrovks-Corey Functions .
1 24-!:) : : E '
K—K{——E [ : (619
AV
where b is a curve fitting parameter based on the moisture content-

suction relationship in equation 6,12

W is the suction head

¢ is the air entry suction head

K, is the saturated hydraulic conductivity
K is the hydraulic conductivity ' _
bl=1+1 (ahd ! is the exponent of the pore-Interaction term,
usually = 2) (Based on Burdine's work)

OR

b = 2 + I (and ! s usually = 0.5) (Based on Musalem’s work)
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svan Genuchien Functions
Based on Bus'ine’s work the following expression is obtained:

KX 1-(eg)* (1 +(ey)™ : ©{620)
T ey

Based on Mualem’s work the following expression is obtained:

K_K’[1_-tu¢)"—‘[1+fa¢>'1*1" | 621y -
N (Ve
where: - &mn are aurve fitting parameters based on equation 6.13 above
¢ is the suction head
! is usually = 0.5 (Based on Mualem’s work
OR

Lis usually = 2 (Based on Burdine’s work)
K, is the saturated hydraulic conductivity
K is the hydraulic conductivity -
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ASSESSING THE WATER BALANCE - BY CALCULATION & IN THE FIELD

Methods of determining individual elements of the water balance have been disoussed in detail
_ in Chapters 4, 5, and 6. This chapter deals with evalvating the water balance as a whole.

Methods of theoretically estimating the water balance abound, but the results of these
| computations need to be cnmpared to the field situation in order to assess their reliability,
Methuds of momtormg the water balance in the field are also discussed 1 in this chapter.

1 CALCULATING THE WATER EALANCE

Mpany different combinations of methods of estimating each of the various elemerits are possible,
in computing the water balanee as a whole.

The water balance can be computed in varying degreés of complexity, depending on the available
data and resources, and degree of accuracy to which the balance is required ta be known. Simpie
gross balance methods may be used, or the effects of water distribution within a profile may be
taken into account. The balance may be carried out on’ diffecent time scales.

‘Simple balance methiods lend themselves to computation of water balances on monthly and
weekly bases, More complex, distribution based balan. . lend themselves to the computation
of water balances on a daily basis. The more detailed and compleii the computation, the more
accurate an anss, :r one would expect to abtain,

In predicting landfill performance, the water balance of the landfiil over the period for which
it will continue to emit pollutants in hiarmful concentrations needs ta be evaluated. As pointed
out in Chapter 1, this could be a period of several hundred years, It is however, likely that a
landfill will reach a more or less steady state with regard o water balance within a few decades.
Nenetheless, to carry out water balance calculations over a period of a few decades Is a tedious
process, and it would be desirable to computerise even simple water balance calculations,
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N _ A number of computerised water balance models are currently available, Some have been
 developed specifically for waste disposal applications, (eg HELP and UNSAT-H) although there
are many othets which have been developed for other purposes: (eg agricoltural pucposes, -

groundﬁaatgr recharge studies,water_resoﬁmes planning,) Numerous reviews of stich models have
" been carried out. (eg Scholes and Savage, 1989; BC AMD Task Force, 1990; Nelson and Davis,
1987; Jacobs Engineering, 1991) '

The summary review by Jacobs Engineering, 1991, of two popular models nsed to assess water
balances of waste disposal facilities is given in table 7.1 below. |

In this study the water balance of the test landfill was evaluated using the HELP model, In
Chapter 12, these predictions are compared to field data, and water balance caleulations carried
out by Hojem, 1988.

2 - EVALUATING THE WATER BALANCE IN THE FIELD

In order to assess whether existing theoretical models adequately predict the watep balance for
landfill sites, field measurements of the water balance have ta be made. Three basic appmaches '
to these measuréments exist: '

® Boreholes drilled around the site aﬁ_d auger holes within the landfill fan be monitored to
assess migration of contaminants (which act as tracers of groundwater moveent)

# Lined leachate cells (or lysimeters) can be set up within the Jandfill and monitored

® Individunal parts of the water balance (rainfali, runoff, mterception, soil moisture ccndltiuns)
t . 'be measured,

In this study individual parts of the water balance were measured. Rainfail was simulated and
runeff from test plots was measured, Moisture conditions within the top cap and the upper layer
of refuse were aiso monitored, The evaluation of different possible methods for performing
these tests is discussed below. Information about the zctual systems used in the study, as well
as the results obtained are given in Chapters 10 and 11,

Information from borehole and auger hole monitoring for the test site is aiso ayailable. The
results of this monitoring are discussed in Chapter 9,
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- . -Ve.rﬂﬁal.Uhé;a.tLlrated.FloW .

| Gross water balance-

Darclan flow with free
outflow (unit gradient),

| unsaturated hydraulic
- conductivity as function of

water content (modified
Brooks-Cérey equation).

| general unsaturated flow
equation, with hydraulic
conductivity and matrlx
potential as functions of
water content. '

Runoff

8CS Curve method

Water'in axcess of what

- ean be absorbad at the

surface.

Latara! Dr_a‘lha'gje

Steady-state Eouas!nesq
equation

Naone-

Evapotranspiration

| 'PET {rom modified Penman

Equation

Soll evaporation calculated
from piant interception and
show accumulation

Transpiratlon calculaied
from LAI given by vegetative:
growth and decay model

PET from Penman
Equation

Drying evapotransplration
calculated by Thornthwaite-
Mather Method (as function
of field capaclty arid wilting
poin)

Vapor diffusion considered
if soli surface dries out

Plant roots treated as
moisture sink, with root
density specified by usar

NGTES: Models selected from those previcusly applied to assessment of UMTRA Project or
other DOE low-level wnsta disposal facllities,

Features as described in and/or [nferred from model documentation,

Table 7.1

Comparative Review of HELP and UNSAT-H
(after Jacobs Engineering, 1991) '
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Rainfall shmulation

The usé of simulated rainfall, rather than natural rainfall, is preferable for carrying out
runoff tests, since it Is impractical to rely on the vagaries of natural rainfall. A lot mare
data can be collected within a given titne, and specific rainfall intensities can be selected

R when simillated: rainfall is used. Tests can be carried out at a planned time and.

monitoring devices can be more comfortably and easily operated in the dry, -

" Problems which aeise fs simulating rainfall however, lie in reproducing correct drop stzes,

kinetic energies, drop patterns, and rain chemistry. A variety of simulators have been -

- developed to simulate rainfall as closely ag possible in drop-size, kinetic energy, terminial

2,11

212

velacity, and drop pattern. (eg Marston, 1982; Miller, 1987 Scholgs and Savage, 1§89) '

Typres of Sinmulators

* Simulators can broadly be divided into two categories; ie drip simtilntors, and

nozzle simulators. Drip simulators are ideal for large drops, and low rainfail
intensity simulations; while nozzle simulators are suitable for producing correct
impact velocities, and higher intensity simulations, (Scholes and Savags, 1989)

Among the drip simlators are designs utilising hypodermic needies, capillary
tubes, and lengths of yarn. (Marston, 1982). Drip simulators commonly suffer
from clogging problems due to biotic growth. They are generally not easily
transportable, and are therefore best suited to laboratory applications, '

A variety of rotating discs, booms and maving outlets for rainfall simulators have

‘been developed to give a non-rspetitive fall pattern of drops, (Ward, 1981;

Marston, 1980; Kleijn, et al, 1579)
Reprodueing Various Intensities, Drop Sizes and Kinetic Energies

The question of what intensities of water application the simulator should be
vapable of delivering, to appropriately simulate rainfall is important, since the
rainfall intensity affects the proportion of runoff obtained. In erosion studies it
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is desiruble to simulate high intensity rain, since erosion takes place under such
conditions, In infiltration studies however, lower rainfall intensitles may be
important, This aspect is discussed in greater detail in Chpter 10,

'Dro_p size and kinetic energy may be important in infiltration studies, with re_gard.

to reproducing the sealing effects of raindrop impact.

A simidator should be capable of producing rainfall of Qaryi.ng intensities.

-+ Application i'_ates of between 60 mm/h and 120 mm/h can be acpieved using

rataﬁng boom insttuments, while application rates of between 25 mm/h and 200
mm/h ¢an be obtained by rotating disc instruments. (Scholes and Savage, 1989)

Drop sizes may be determined usmg flour tests. These tests are descnbed by

Ward, 1981,

Kinetic enérgies may be measured using photographic iechniques, (la Grange, -
pers, comm., 1991) ' '

The results of a study of drop sizes and kmetm energies for natural rainfall of

different intensities are given by Marston, 1982. _
Considerations for Fleld Use

An important design parameter for rainfall simulators that are to be used in the
field, is portability. For this reason a lot of simulators which have been built,

~ cover only small areas. In order to obtain a representative test area however,

larger plot sizes ure preferred.

Water Supply

Another factor limiting the size of the plots is the supply of water, Large test
plots require lar_gé amounts of water for irrigation. Furthermore, the use of

distilled water is preferred so as to simulate the chemistry of rain water as
closely as possible. Reproducing the chemical make-up of rain water may be
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necessary to create the sealing phenomenon. Obtaining large quantities of
distilled water is, however, difficult and expensive, The effect of the chemistry of '
water in rain simulation is discussed in more detail in Chapter 10,

Rurioff fifuté are used to collect and measure all the runoff from an area of known size.

Barriers are erected at the boundaries of the plots to divide the runoff from the plot

~ from runoff from adjacent areas, and to channel the runoff to a cnllection/measuﬁment

23

point.

Scholes and Savagé, 1989, report that'galvan'ized iron channels, asbestos sheets, old

- conveyer belts, and concrete walls, are coimmonly used for this purpose. -

Capturing and measuring the water running off the plots is difficult becauise of the large
volumes that may be involved. Sample splitters can be used to reduce the volume
collected, or tankless recording systemns such as flume recorders, float recorders, tipping
bucket gauges and flow meters miay be used, (Scholes, and Savage, 1989) '

Soil Moisture Measurement

An assessment of radistribhtiun of infiltration, and the magnitude of évapornn'ou could
be obtained by moritoring soil moisture conditions, Severa! types of instruments for
measuring in-situ water contents exist. Many of the devices actually measure soil suction,
from which soil water content may be inferred, (As described in Chapter 6) Suction
measuring devices should be calibrated for the particular conditions under which they
are to be used, Calibration may be carried out using salt or acid solutions. The
calcuiation of suctions of solutions is described by Gregbry and Rourke, 1957,
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_ Psycinﬁmeters

anooe, 1984, and Savage and Cass, 1984 describe psychrometrm techniques in-

" detait,

A psychrometer consists, basically of a thermocouple. A thermacouple comprises
two lengths of wire of different metals, joined together at both ends. If the two.

junctions are at different temperatures, 8 current will flow ‘through the loop,
: awordmg to the Sesbeck effect. When a current is passed through the circuit,

heat is either liberated, or taken in at the junctions, (dependmg on the dlrectmn
of current fi:, according to the Peltier effect, '

The Peltier effect is used to cocl a thermocouple junction which is in thermal

and vapour equilibtium with the surrounding medfum, to below dew point
temperature, causing water to condense on the junction,

ﬁermdmuples cdn be used in 'psychrometric’ mode, or *dew point.’_ mode..

In paychrometric mode, a cdoh'ng current is passéd through the thermocouple for.
a short time, cooling the junction to below dew-point femperature, and causing
water to condense on the junction. The junction then quicldy warms up again,.
equilibrating with its surrounds, and the condensation evaporates. The:

temperature at which the condensation on the junction evaporates is indicated

by a period during which the junction temperature remaing constant, (while
energy taken in js used as latent heat of evaporation.) If the dewpoint

_temperature is known, the relative humidity, and correspondmg suction can be

inferred.

In dew point mode, a cooling current which is proportional to the temperature
of the junction is provided, so keeping the junction at dew point. It is easier to
obtain accurate measurements using dew point mode.

‘Psychrometers measure total (matric plus osmotic suction.) They have the

disadvantages that they are not very robust and problems with corrosion and
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- contammatmn are often encountered, They operate well in the range 100 kPa to
5000 kPa. (Scholes and Savage, 1989) '

A calibratmn exercise cai. ;ed out on psyx:hrometers fnr th:s project is described

m Appendm E.

| _The electrical resistance of nylon and' gypsum blocks- changes with moisture.
-~ content. If such block is allowed to come to moisture equilibrium with a porous -
medium, the change in its resistivity can be uséd to measure suction. '

o _The‘ blocks are éheap, but are not very accufate, (% 5% for gypsmn. blocks, and

+ 10% for nylon blocks, (Scholes and Savage, 1989)), G-psum blocks measure

in the range of 100 kPa to 4000 kPa, while nylon blocks meastire in the rangs

0 kPa to 1500 kPa. A drawback of the biocks is that they themselves are
hysterenc.

Gypsum blocks measure only matric suction.

Neatron Moisture Gauge

Neutron maisture ;- .. - ° 3ppear attractive for the continuous
measurement of Jandf 1w .. . o litions, since measurements can be taken

very rapidly, and with minimal disturbance of the cover material and refuse
layers. Furthermore, equipment need not be left in situ, and so the risk of having

* equipment stolen is reduced. Measurements are repnted to be very accurate,

More detailed examination of the properties of neutron moisture pauges,
however, reveals that they have severs short-comings with respect to application
to landfilis. '

The design, operation and calibration of neutron moisture gauges is discussed in

_report 112, of the International Atomic Energy Agsncy, 1970
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A neutron gauge emits fast neutrons into the surrounding meditim, The neuttons

 are slowed down by the medium, and the gauge then counts slow neutrons,
reflected back to the source. The properties of the surrounding medium

determine to what extent the neutrons are slowed, and what propertmn of

netitrons is reflected back to the Souree.

'I'he slowmg down of the 'neuu‘ens is governed -:nziiftly by the presence of
“hydrogen atoms. The count of slow neutrons can therefore be used to deduce
water contents, The manner in which the hydfogen atoms are chemically bonded,

is net, however, important in the'sluwing down process, This means that the

' gauge cannot distinguish between the presence of water and the presence of
| ‘organic substances, such as paper, plasnc, and ash.

Prc\_zided the tested medium is relaﬂvely-homngeneous, however, the ga._l.ige can
be ralibrated to give an accurate measurement of the moisture content of any
medium, at a particular density. '

In a landfill, therefore, it is not the presence of organic material which presents
problems in the measurement of moisture content, by a neutron gauge, but the
highly heterogeneous nature of the material. -

‘The material of the cover of a landfill is usually relatively homogeneous. Even
here, however, using a neution moisture gauge would not give reliable answers
sitice the cover is thin in comparison to the sphere of influence of the gaugs.

The gauge gives an average readm\g for the material which falls within its sphere
of influence, The size of the sphere of influence ranges from about
1.5 m (radivs) for a soil at 0% moisture to about 0.3 m (radius) for a soil of
moistiire content 209%, '

Calibration of neutron gauges is a tedious process, and is difficult because of the
larps “olume of sample required.
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' Filter Paper Technigue -

Iffilter paper is allywe.} tb come 10 moisture equilibrium with soil, the moisture -
- content of the filter paj.er can then be measured, and the suction of the soil

mfer:;ed

If the filter paper is allowed to come into contact with the soil, 2 matrix suction

- will be measiired, If there is no contact between the fili‘er paper and the sm.l,

total suction will be measured.

This -technique can be usod to measure suction in the range of 86 £Pa to

6000 kPa.(Crilly et al, 1991) The niethod has mosily been used in the laboratory,
but has also been used in the field (Crilly et al, 1991). It is cheap dnd relatively
simple. The degree of accuracy is, however, low. Figure 7.1 shows a calibration

* of Whatman No. 42 filter paper, carried out by Savage et al, 1991,

A calibration of filter paper for this project is described in Appendix E.

Tensiometers

A tensiometer consists of a porous ceramic cup, connected to a water filled tube, -

-and a vacuum gauge. Water moving in or out of the cup changes the suction
within the tube. Tensiometers can only be used in the range 0 kP4 to 80 kPa. At

suctzons higher than this, the.y leak air.,
Othier Methods

Other methods include:

& Gravimetric measurement
® Generation of acetylene gas
® Gamina ray aitenuation

# Electrical capacitance

® Heat dissipation

Gravimetric measurement and measurement by generation of acetylene gas are
destructive methods,



Based on the results of this literature survey of the techniques available for measuring
in-sitis mojstore/suction conditions, (as well as economic considerations) it was decided
that the techniques of psychrometry, and filter paper should be pursued in this prq‘ect.
The impletentation of these techniques is described in Chapter 11,

24  Interception

Interception may be mensured in the field as described in Chapter 4,
I.f the runoff abtained fromt raifs of a given intensity and duration, and the interception losses
are known, the quantity of inflltration can be estimated. Monitoring molsture contents will
provide an estimation of the redistribution and subsequent evapoiranspiration of the water

- which Infiltrates, Tests carried out to measure parts of the water balance in this way, are
described in the Chapters 10 and 11.
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CHAPTER 8

. 'THE TEST SITE - LOCATION, HISTORY, & PHYSICAL PROPERTIES

In order to try and assess whether existing methods for predioting the water balance for landfills

. are adequate, 8 serdes of field tests were conducted. Thess consisted of trying to measure runoff
rates, mfiltratmn, and ¢vapotranspiration through the upper refuss and cover Iayers A series -
of tests to trace molsture movement within the landfill were also carried ont, The tests were
perfp_nned on a completed portion of one of Johannesburg Municipality's landfills, The site and
its géotechnica.h and geohydrological properties are discitssed in this chapter,

The infiltration gnd in situ moisture monitoring tests themselves are discussed in Chapters 10
and 11. Moisture migration studies are discussed in Chapter 9, and predictions of leachate
production, based on the properties presented in this chapter are discussed in Chapter 12,

1 - LOCATION AND HISTORY OF THE SITE

‘The test site selected for use in this study is known as Linbro Park sanitary landfill, and is
situated on the Witwatersrand, An appreciable amount of work regarding water balance and

 contaminant migration has already been carrled out at this site by another researcher. (Eojem,
1988) This informatien is available as a basis on which to carry out further investigations into
the water balance.

Linbro Park Is situated to the north-east of Johannesburg, in Sandton. The landfill site is
situated in an old borrow pit, and occupies about 70 hectares. Landfilling operations commenced
in about 1969, The site presently has another 10 -15 years of life remaining, the present refuse
inpust being about 650t per dﬂy. (Hojem, 1988; Mayne, 1990)

The refuse js placed in cells about 30 m wide and 2 m high, Layers of intermediate cover are

applied daily, Some cells of the landfill have been completed. A final cover, consisting of a
600 mm thick soil layer tias been installed on top of thess cells, and the site has been vegetated,

94



" The landfill is located on weathered granite, and lies above the groundwater table, Six boreholes

for monitoring groundwzter quality have been drilled around the site, The site is not lined, and

biogas is not extracted.

Figures 8.1(a) and 8.1(b) below show the plen and scction of the landfill, the position of the

monitoring boreholes, and the position of the ground water table. The portion of the landfill

used in the tests is indicated,

The site lies in an ares of annual water deficit, (The annual potential for evapotranspiration is
equal to about twice the annual precipitation. (Hojern, 1988)) These circumstances are ideal for

leachate minimiisation.

tmi

1580

&0

Figure 8.1 {a) _
Section through Linbro Park tandfiil site. (Test section hatched) .
(After Hojem, 1988) See p 96 for plan
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- Figure 8.1 (b) ' _
Plan of Linbto Park landfill site, showing positions of monitoring boreholes,
(After Hojem, 1988)

2 PHYSICAL PROPERTIES OF TEST SECTION
The properties of the landfill described in this section may be used in the evaluation of the

water balance, in conjunction with methods described in Chapters 4, 5 and 6, Estimations of
leachate production, based on these properties are discussed in Chapter 12,
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Dascriptibn of the Profile

The portion of the landfill used in the tests extends to a depth of about 16 m, It was.
completed in two phases, The lower eight metres were filled between 1970 and 1975, and
the upper eight metres were filled between 1985 and 1986,

A good knowledge of the fandfill profils is available. Two large diameter auger holes,
spaced 120 m apart were formed in the landfill in 1987, 'The holes have been profiled,
and their profiles are indicated in _Chapter‘ 9, figures 9.1 (a) to (k) and |
figures 9.2 (a) to (). o

The holes have been sampled to their full depth (sorﬁe 15 m) twice: once in June 1988,

- {at:the end of the dry season,) and again in November 1988, (at the end of the wet
season). One of the holes has been sampled & third time, in July 1990 (at the end of the

dry season), this time to a depth of 5'm. The samples have heen subjected to various
chemical and ~hysical analyses, to try and establish the maisture distribution and
migration within the profiles, | ' '

The results of the chemical analyseS are discussed in Chapter 9, while the physical

properties are discussed in this chapter,
Refuse Properties

Density - The refuse at Linbro Park is compacted using a landfill compactor which is
capable of achieving average bulk densities of 1000kg/m?® (Bromfield, 1991) The density
of the refuse does, however, change with time as the refuse decomposes, and settles,

Fleld Chpaclly'- The ficld capacity of a number of samples recovered from the Linbro
Park landfill site was measuted in the laboratory, according to the method deseribed in
Appendix C, '

- _ . :
risld capacity is measured as a waker content. Weter content may be

ekpresped In a variety of weys. Geotechnleal englieere commonly expreas
moleture content on a dry masa basip.(ie, The ratio of mass of water to mase
of mellda, my/m,) Soll phyeiciste most cotmmonly express molsture contents on
a volumetric basls.{ia, The ratic of the volume of waker in the sample to the
total volume of the pampla, V,/Vi)
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*" . 'The measured values of field capacity for refuse samples ranged between 180% and
.. 200% (m,,/m) (This would correrpond to values of 65% and 70% (V,,/ V), assuming
& bulk density of 1000 kg/m®.) Field capacity for samples of mixed refuse and soil was
measured to be between 50% and 100% (m,/mi,). (This corresponds to moisture
contents of 50% to 70% (Vw/Vt))

‘Hojem, 1988 quotes values of 130% to 85 % (m,,/m) for fresh refuse, at densities of
: IDDDkgfm (60% to 45% (V,,/V,.)) and values of 80% to 65% (mw/rns) for refuse aged
‘1to§ years. 5% w 4% (Voo V)

HELP {Schroeder, 1989) uses a field capacity of 24% (V,,/Vy) for compacted refuse,

Table 8.1 summarises this information on field capacity.

Source Mass Basis | Volumetric Basis
HELP - | 1%
Measured | 180% . 2009 65% - 0%
{aged refuse only) '
Measured | 50% - 100% ' 50% - 70%
(refuse and soll) .
Hojem 85% - 130% | 45% - 60%
(fresh refose) :
Hojem 65% - 80% 40% - 45%
{aged refuse)

Table 8.1

Summary of Varlous Values Tor Field Capacity
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- w‘uﬁhg Polut and Porosity - Wilting point and porasity for these samples were not

determined, HELP (Schroeder, 1989) uses values of 129 and 40% respectively for these
parameters for refuse. By comparison to the majority of values of field vapacity given
ist the table above, these figures for porpsity and wilting appear to be on the 1qw side,

Permeabihl}' Permeability was not measured on the refuse samples which were

_ recovered, HELP (Schroeder et al, 1983) uses a figure of 2 x 1074 em/s. Hojem, 1988

quotes measured values betwean 1,5 x 10™2 for low density refuse (500 kg/ms)
to 7 x 1074 for high density refuse (1000 kg/m>) No mention of the degree of lsotropy
which may be expected with regard to permeability is made in these references, Data

presented in Chapters 9 and 11 shaw thet lateral flow in landfills may be more dominant

than vertical flow. This may be partially due to anisotropic permeablities. '

Suction - Although suction measurements have been taken on the refuse, no attempt to
draw up suction - moisture content curves has been made in this study, Such curves

~ would probably vary greatly with different refuse ages, composition, and densities,

Suction is an important factot in determining the extent of bacteriological activity within
the landfill. Methanogenic bacteria are active only at suctions lower than 3600 kPa, and
become progressively more dormant as the suction increases beyond this. (Brits, pers

-~ comsm, 1990) It is important that attempts to reduce leachate production do not inhibit

bacteriological activity, Since bacteria can withstand relatively high suctions, minimisicg
leachate production is not necessarily associated with a inhibition of decomposition.

The suctions measured in the refuse profile at the end of the dry season range from
about 200 kPa to about 1000 kPa, The distribution of suction within the profile is shown
in figure 8.2, '
Properties of the Cover
Gerieral
Thickness - Numerous holes have been drilled and dug through the cover, Cover
thickness has been found to vary from 1000 mm to 300 mm. On average
however, it is estimated to be 600 mm thick. The cover material is decomposed

granite,
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Crackisig - The cover has settled and cracked extensively. Cracks up to 15 mm
wide open up durmg the dry season. The cracks. do, to some extent, close up
during the wet season,

Stope - The cover has been placed so that it slopes towards the centre of the .
landfill, (at about 1% to 2%,) and & bund has been placed all around the edge -
of the landfiil. Although it is preferable from a point of view of leachate

- generation to encourage water to run off from the site, the bund has obvmusly_ |
been placed in accordance with the Water Act of 1956 (Act No, 54 of 1956), .
which stipulates that runoff from waste dumps should be contained, and not
allowed to enter surface water. '

Mthbugh the cover has settled extensivels', the general slope of the landfill is sl
. towards the centre. Vegetation flourishes in Jocalised depressions, indicating that '
water ponds in thess areas during wet periods, '

Vegetation - The cover has been vegetated with indigenous grasses, In localised
areas the vegetation coverage is complete, In most areas however, the coverage
is raly about 509%. The site is mown at the start of the dry season, to reduce fire

hazards. Numerous Black Wattle and Bluegum trees have self-seeded themselves

on the lower slopes of the landfill. None of these trees gl_'ow on the central
portion of the landfill, however. '

233 | Geotechnical and Geocheniical Properties of Cover Materlal

Compaction - The Standard Proctor compaction ¢nrve for decorﬁposed granita*
is illustrated in figure 8.3. The results of in-situ density tests are shown in figure
8.4. These tests show that the compaction achieved ranges from about 80% to
95% of Proctor Standard maximum dry density, the compaction being higher in
the upper layers of the cover. -

W
The teste were carrled out by Mabula, 19951, on matsrlial from a eite o faw
kilometras away, but located on the same geological formatlon.
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Figure 84
Reﬂults of in-situ density tests on Lusibro Park landfill cover
(Percentages in brackets indicate corresponding percentage Proctor Standard denmty 3
Grading & Classification - The results of a grading ana'>sis of the cover material
are shown in figure 8.5, The values of the liquid limit and the linear shrinkage
have also been détermined, They are 25%, and 1.5% reipectively, Tha plasticity
of the material is low, in Fact too low to carry out the test for plastic imit, The
clay fraction is about 3%, and the silt fraction amounts to about 12%.

The material classifies as a clay of low plasticity (CL) on the Unified Soil

Classification System (USCS), and as a sand (S} on the Umted States
Department of Agriculture (USDA) system '
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Particle Size Analysis fur Cover Material a¢ Linbro Park

Permeahility - The saturated 'pel‘meability of the decomposed granite has been

~ measured using flexible wall permeameters, and small diameter samples, Sample
densities varied from 95% to 100% Standard Proctor Maximum Dry Den ity,
The values of permeability obtained range from 4 x 10~7 em/s to 9x 10”5 em/s,
the average being about 4 x 1075 cm/s, (Mabula, 1991), HELP estimates the
permeability of a CL material to be 6.4 x 10~5cm/s,

Field Capacity - The field capacity of the material was determined to be between
20% and 17% (m,/m,) {at a dry densities of 1 700 kg/m® and 1 850 kg/m?,
respectively.) The corresponding water contents given on a volumetric basis
(V,/ V) are 34% and 31.5%, HELP estimates the field capacity of material of
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 this classification to be about 59 (V,,/V,,). There is a large discrepency between
the two values, This may be due to differences in testing methods, or may

indicate that using values based on textural classifications is not at all reliable.

Porosity - The porasity of the material was determined ( by cedometer test) to

" be 36 % (V,,/Vy) at 1700 kg/m>. HELP estimates the porosity of a *CL’
nmatetial to be about 35% (V,,/V.).

- Wilting Point - The wiltihg point {based on a suction measurement of 1 500 kPa)

was found in this study to be about 14% (V,,/Vy). HELP estimates the wilting

| point to be 2% (V,,/Vi). Again there is a large discrepancy between the two

values, Indicating that using values based on textural classifications may be

" unreliable,

Exchangeable Sodium Percentage (ESP) - The ESP indicates the percentage of
sodium ions in the soil which may be readily exchanged for other cations. This
parameter is useful in determining how the permeability of the soil may change
if solutions containing ions are allowed to pass through the soii, The ESP was
determined to be 17,5%. This analysis was carried out by a commercial soils
laboratory. ' '

Suction-Mofsture Content Relntionship

An attempt to establish the suction-moisture content curve of the weathered
granite was made. The suction of samples of different moisture content were
measured, using psychrometers. Three different sets of samples were used:

* samples recavered from the field;

+ specimens preparad in the laboratory (using static compaction) of dry density
1700 kg/m3

s specimens prepared in the laboratory (using static compaction) of dry density
1 900 kg/m? '
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* “In« liboratory specimens were prepared from initially dry material. Wates was
* si%el with the sofl until the correct water content was achieved, and the sample.
A & then compacted, '

 The results are shown in figure 8.6 below. Although a very wide scatter of results

_ was aﬁbtafned, a general trend is identifiable, Some of the scattér is attributable

1o the limits of adcuracy of the nieasuring instruments.” No discernible
difference between the samples of different densities wis evident. |

Although a fair amount of geotechnical and gechydrological data is avaliable for the test landfill
site, certain properties remain ill-defined. An estimation of the water balance of the [andfill can
nonetheless be made, tsing the available data, ' ' -

L] ) .
The accurasy of the measuring instruments was found, in & cmlibration

exercipe carried out during this project, to be about 500 kpa. fleveral othex
resgarchere have obtained better acouracy (eg Savage and Scholes, 19B9) The
calibration exercise is discussed in Appendix B. '
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MOISTURE ANI) CONTAMINANT MIGRATION IN LINBRO PARK LANDFILL

In tlns section thc resully of studies of mmsture and contaminant m:gratmn within the landﬁll
o ars dlscnssed Resuits from monitoring boreholes, as well as results from direct sampling of the
landtill are examined, These data give an indication uf_the state of the water balance of the

1 MONITORING BOREHOLES

‘The boreholes indicated in figure 8,1 (Chapter 8) are monitored by the Johaﬂnesbl_lrg

Municipality. Hojern, 1988, compiled a table summarising the test results from the boreholes.
The table is given below. (Table 9.1} The results indicate that leachate has not yst entered the
" groundwater system. J ohannesburg City Council has mdlcated that this situation has not changed
in the last three years (Mayne, pers. comm, 1991}

2 MONITORING OF AUGER HOLES

- The samples recovered from the duger holes (described in chapter 8) were subjected to a
number of chemical tests. The idea of thl,s testmg is to use the contammants present in the
landfilt as tracers of moisture movement, '
Since the moisture content of the landfill is generally way below field capacity, no leachate can
be drained from the profile, Extracts of the samples are therefore made in the laboratory, and
the extracts are tested. The extraction process is described in Appendix B, '
The chemical parameters for which the samples were tested are listed below:
pH; chemical oxygen demand -.(COD); conductivity; alkalinity (as CaCOg); Total Dissolved

‘Solids (TDS); ammonia (as N); chloride (as ClI); sodium (as Na); potassium (as K); and
sulphates,
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Resulis of borehole momtorlng at Linhro Park, compared to ’s!}nmlar(lsll (After HO_'[SIEI, 1988)
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' .’]".‘_16 chermcal analyses were carried out by Johannesburg’s Departmsn: of. Jealth Jaboratories.
f:-.r:lm' sets of tests (two on the South Auger Hole, and two on the North Auger Hole) were
camed otit in a previous study by Hojem, ._‘1988. The fifth set (on the South Auger Fole) wgs
carried out during this study. A sixth set, on the North Auger Hole was to have been carried out
during this study, but dificulties experienced during smnp]mg pmcluded tals. The snmphng for .
~ all the tests was carried out by Mt J Ball, ' o

. In addition to these tests, the samples were tested for moisture coatent, and the samples taken
; m 1990 were tested for field capacity and suction. The test procedures used to determme :
moisture content, field capamty, and suction are discussed in Appendwes, A, C, and D

respecm'ely

The results of *.1ese tests are indicated in figures 9.2 (a) to (k) and ﬂgures_93 (a) to (3).
A discussion in which the results of the most recent set of tests are compared to the results of
~ earlier tests, and information about moisture movements is deduced, follows. = ]

~_Similar tests, to study the migration of contaminants have been carried out on another [andil
in the Cape. (Coastal Park Landfill) The results of these tests are discussed in Chapter 13 of

this d:ssertatmn
%1  Linbro Park South Avger Hole

Moisture Content - Figure 9.2(a) shows moisture contents In the profile at the end of
the wet season 1988, and at the end of the dry season in 1988, and 1990. In November
1990, at a level of 3m a very high moisture content was recorded, This is thought to be
due to an unseasonal wet spell which occurred that winter, '

 The field capacities for the profile, to a depth of 5m are shown. In most cases, the witer
content of the profile is well below field capacity. In terms of the classical concept of
field capacity this would suggest that no water has yet drained from the refuse, and no
leachate has therefore beun produced. Indeed, the profile appears not to be transmitting
moisture to the groundwater, as is shown by results obtained from the mnmtormg
borelioles,
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- The fact that the entire profile wets up during the wet season, however, indicates that
the. moisture is transmitted down the profile at nit:ﬁstufe contents fat fower than field
capacity. Conversely, the fact that the entire profile dries out during the dry season,
suggests that water is drawn up by evaporative gradients from great depths This

" behaviour is not contrary to Darcy’s law which predicts that moisture will be transmitted

_ fron'.x.areas of lower stiction to a'reas. of iﬁgher suction, even if that suction is less than_ '
~ that ourrespendmg to field capamty The hydraulic conductivity is, however, reduced at

kigh r ‘otions. '

' ;i"fhere.- is no reason why the movement of moisture should be piimarily in the downward _

dire&ﬁon at all times, as is implied in many: pdphlar methods of comp‘uting water .

‘balance. The suction gradient due to gravity is small (10 kPafm’\ in' comparison to

sucnun gradients induced by evapotransplranon :

A very rough caleulation of the velocity at which water is moﬁing_ out of the profile
(assuming one dimensional downward flow, and based on average moisture content
changes during the dry season) yields 4 résult of about 1.8 m/year, Assuming this to be
correct one would expect salt concentrations found at.a depth of 1 m in 1988, to be
found at a depth of 5 m in 1990, Examinatjon of chemical analyses shows this generally
‘not to be the case, which suggests that the assurnptwn of or - dlrnensxonal downward
flow is mcurrect '

In the discussion of thé chemical analyses which follows, more evidence to suggest that
flow within a landfill is not one dimensional, is presented. This suggests that most water
balance models have severe short-comings, since they consider only vertical movement.

pH - (See figure 9.2 (b)) Results of the 1988 test indicate that conditions in the landfill
become more acidic during the dry season. This may be due to the fact that the
decreased moisture content during the dry period creates conditions less favourable to
methanogenic activity. The 1990 results show that the pH has increased during the past
2 years, indicating that methanogenic activity has become more prevalent, A
corresponding decrease in COD would be expected;
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COD - (See figure 9.2 (c)). As expected from the results of the pH tests, the COD within
the profile has decreased between 1988 and 1990, This suggests that the landfill is
o eﬁtering the methanogenic phase. (The COD within the profile is still, however, high for
~ methanogenic conditions) The drop in COD levels does not necessarily mean that
organics have been transported by water from the profile. The organies may have been
converted by bacteria into gases, which may have then e_sd'éped from the landfill, -

TDS - (See figure 9.2 (d)) The tests conducted in 1988 show a peak corcentration of -
TDSatab~ e 6m level. The concentrations of salts in the profile dereased between'
the wet st .sc.a and the dry season of 1988, and decreased even further twi years later,
-mdmtmg that the contaminants have been transported away from the samplmg site. -

1t should however be noted that there is a slight increase in the concentmtions of salts
near the surface, at the end of the dry seasor. This indicates an upward movement of
: momture under evaporative gradients. ' '

" The concentrations given in ﬁg‘ure 92 (d) are shown as mg TDS/kg dry solids. 1f one -
considers that the moisture content of the entire.profile has decreased, the decrease in
TDS might be due to the decreased water content. (ie The concentration of 'IDS within
the water held by the refuse may not have changed.) The results were re-evaluated as
mg TDS/ kg water present in the refuse. The results are shown in figure 9.2 (k).

The concentrations of TDS in the water contained in profile are fairly similar at the end
of the wet and dry seasons of 1988, The concentration was found to have decreased by
the end of the dry season, 1990. This indicates that the water moving out of the profile,
is to a large extent taking salts with it - which suggests that not all the water leaving this
part of the profile is evaporating. Peak concentrations of TDS have not moved
downward as far as caleulations based on the assumption of one dimensional downward -
movement suggests. This implies that flow from the profile may be lateral,

Conductivity - (See figure 9.2 (e)) Although the change in concentration of TDS within

the profile has been appreciable, between the three dates of sampling, conductivity has
shown very little change,
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Alkalinity - (See figure 9.2 ()} Alkalinity shows very much the same pattern as the TDS.
The peak nt 6m is evident also. The general decrease in concentrations between the
three sampimg times, and the increase in cuncentranons at the top of the proﬁle dur;ng
the dry season, are evident.

Ammonia - (See figure 9.2 (g)) Patterns similar t0 .. & iound in the profile of TDS are

' dlsplayed

Chioride - (Ses figure 9.2 (h)) The Chloride content and distribution within the profile

.~ has not changed significantly during the 2 year period. The peak concentration at the - "

5 m level, and the increase in concentrations near the surface at the end of the dry
season are evident_in this ana_lysis also, '

Although the profile was sample.d only to 4 limited depth in 1990, The results indicate
that the contaminants have not moved downwards, since there js no significant increase
in salt concentrations at lower levels, This again supports the theory that lateral

movement of moisture in landfills is significant.

‘Sodtum - (See figure 9.2 (i) The sodium content was found to have decreased

considerably at the end of the dry season in 1988, Two years later it has increased

considerably again, once more indicating lateral moistire movement within the landfiil, = .

Potassium - (See figure 9.2 (j)) Potassium levels shdw_a veiy similar pattern to the

 sodium levels as discussed above.

Sulphates - For the majority of the samples, suiphates could not be measured due to

interference of the sample colour with testing methods.

Linbro Park North Auger Fiole

- Although this auger hole was 1ot re-sampled in 1990, except to a depth of 1m, it is

discussed for comparison. The results of the analyses are shown in figures 9.3 (a) to (j)
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- “fhe sampling in 1988 displays very similar trends to the South Auger hole, including the
- peak coneentrations at the 6m level The fact that peak concentrations of contaminants
oecur in both holes at similar levels, indicates that contaminants may have been
transported to this level during a wet spell. It indigates that the peak is not merely dus
to the presence of a cell of refuse which citairied high cmméhtr&ﬁdas of salts when
deposited.

Thie increased concentratmn of saits near the top of the pruf.i.le at the end of the dry
season is evident i in tms augar hole aiso, '

The pH of this nule is lnql ar than tk2 pH uf the Souf': hole., and the COoD is
: carrespondmgly lower. This indicites greater methentgenic actmty in the North hole.
The moisture contents w1tl1|n the holes are, howe: Ji much the same, suggestmg that
'although the profile is to be too dry to produce leachate, mo;sture conditions are not
prGVentmg methanogenit activity. '

The data gathered 'f_rom these two auger hoies, and the monitoring boreholes, presents very
_strong evidence that the landfill is not pfoduei.ng leachate. Tt also presernits evidence that
| ~ moisture s drawn up from considerable depths, under evaporative gradients. It sugge's_ts that -~
lateral movement of moisture within landfills is significant, and that the assumption of one-
dimensional flow in calculating water balances could lead to erroneous results, |

Lateral flow m.ay arise as a result of compaction of the refuse in sloping layers. The compaction

would reduce refuse permeability in the vertical direction, but not to the same extent laterally.

The intermediate cover layers and cell walls, as well as layers of plasti . way serve as aquicludes,
while the refuse layers behave as aqulfers, channelling water in the direction of the slope of the
original working face of the cells.
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_CHAPTER 10

_ INFILTROMETER TESTS

1t is chiefly on the basis of natural soil surfaces that methods for estimating infiltration have
been developed. Landfill surfaces are significantly different to natural soil surfaoes Landfir.

 covers crack extensively as a result of-uneven setflement, the vegetation may be poorer, and '
shallow rooted, and often the upper layers cf the cover material consist not of top seil, but
materials such as sub-soil, builders’ rubble, and mine taxhngs Existing methods of predxctmg
mﬂltrauon may therefore not be suitable for applwatxon to landﬁl]s.

Field tests to evaluate magmtudes of infiltration into the cover of the test section of the Lmbto
Park landfill were carried out. The cover of the test section comprises sub-goil, and has cracked
extenswely under settlemeat. Two sets of tests Were performed. The first series of tests utilised
ring mfiltrometers, while the second series utilised a sprinkier infiltrometer. The results obtamed
‘are cnmpared to the results of existing methods of prefﬁctmg runoff, '

1 RING INFILTROMETER. TESTS

- In order to obtain some idea of the upper limits of the infiltration capacity of the landfill profile,
a series of ring infiltrometer tests was performed. The tests were carried out using distilled water
as well as tap water. This was done so that the eifects of the chemistry of the infiltrating water,
on infiltration rates could be assessed. This information was used in the design of the sprinkler
infiltrometer (which is described in section 2 of this chapter.) |

11 Water and Soil Chemistry, and Infiitration

A large volumie of water is required for sprinkler infiltrometer tests, especially if an ares
large enough to be representative of the surface of a landfii}, is to be used, It has been
mentioned in Chapter 7 that the chemistry of the water used to simulate rainfall may be
important in infiltration tests. Obtaining enough distilled water (which is chemicaily most
representative of rain water), to perform the tests is difficult and expensive. The only
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water which is avajlable on the test site is Rand Water Board (RWB) Water. If RWB
water was to be used, the effects of the differences in chemistry between this and
. distilled water nésded to be known, |

141 Rain Water Quality vs RWB Water Quality

The results of chemical analyses of rain water in the Johannesburg area, and of
RWB water are shown in figure 10.1. The ﬁgures gwen for rain water are based
on 20 analyses varried out by Johannesburg City Couneil, on. rain water from the
suburb of Montgomery Park, in North West Iohaﬁn'esburg.

Tt would have been preferable to have rain water quality data for the site in
'quest'ibn,'but this was nof possible due to time constraiuté. The test site is-
located within a few kilometres of the township of Alexandra, and the chemical
industries of Modderfontein and Chloorkop. (which are point sources of aJr |
pollution.) The site for which the rain water analysis was carried out is Jocated
much further away ‘*om such point sources of pollution. Antarn, (pars comm.
.1991,) has, however, found that air pollutants disperse 50 quickly on the
TranSVaélHighveld that the concentrations of pollutants in tain water from th:'ese
two sites may be expected to differ at most by a factor of two. The figures
presented here are therefore considered to be adequate for the degree of
~ accuracy réquired_fur this study. |

The analysis of the RWB water was also supplied by Johannesburg City Council,

and is based on results of about 46 sets of tests, As can be seen the

concentrations of ali minerals is considerably higher in the RWB ﬁra_te'r. The pH
' of the rain is low (4.2), while the oH of the RWR water is 7.5, Most notably, the
_hardness of the RWE water is very much greater than that of rain water.
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Soil Chemistry and Perireants.

An explanation of the effects of acids and inorganic and organic compounds, on

 the permeability of soils is given in EPA/625/4-89/022, 1989. The document

explains. how Gouy-Chapman Theory relates electrolyte concentration,. cation

- valence, and dielectric constant of the permeant to the thickness pf the so-called.
diffuse double layer” In addition to affecting the double Jayer, acids dissolve

constituents of soil and so cause hydranlic conductmty to decrease, ThJs effect -

is only important for concentrated acids,

“The rclationship given by the Gouy-‘Chapfﬁan eqtiation—.'isﬁuotéd below:

5
n

where tis the thickness of the doub]s layer
D is the dielectric constant of the permeant
K, is the electrolyte concentration
¥ is the cation valence '

This equation poedicts that the higher electrolyte concentration in RWB water -

would decrease the thickness of the double layer, and so incresise the hydraulic
conductivity of the soil.

The way in which the chemistry of the rain water affcats permeability is also
dependant on the chemical properties of the soil, The soil at Linbro Park has a
high percentage of exchangeable sodium, (The ESP equals 17.5%, as stated in .
Chapter 8.) The soil has a low caleium content. (16 mg/kg, Hojem, 1988) If the
soil were to be irrigated with calcium rich water one would therefore expect -

" sodium ions to be exchanged for calcium ions (which have a higher valency,) and

thy hydraulic conduetivity to increase,

* Lo
Catione in water are attracted to the negatively charged surfaces of the
clay molecules, This laads to a zone of water and ilons surrounding the clay
particlen, known as the diffuse double layer. The particles in the doubls
layer are attracted so strongly to the clay particles that thay do not conduot
fluids. Pluide go around the soil particle and around the double layer. If the
doubla layer shrinks, flow paths opsn up, and hydraulic conductivity

increasss,
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Exninples of the Effects of Soil and Water Chemistry on Infiltration

Agassi et al, 1981, describe a series of tests ﬁerformed to assess the effects of
electrical conductivity of permeant, as well as the ESP, and CaCOj (calcium
carbonate) content of the soil, on infiltcation rates. They found that inlitration
is more sensitive to the sodicity of soil and electrolyte concentration, than is
hydraulic conductivity. They attribute this to the mechanical impact of eaindrops,
~ and the relative freedom of particles at the surface to move. Their results are

~shown in Figure 10.2.

High CaCoy content

LOESH Nahal 05
ESP 1¢ *
sugrapse pas 04 mm
R orianisty - 20mm.h

nfilaten Rate, mnln:

LOEBY - Nahil Ua

sogtegain mza D+4mm
Ko wvigrmty » 3mm h

Infitration Rite, mmih
]

mmmm ninfal, mm

(b)

Figore 102

Low CaCoy Content

(©)
HAMRA=NETANYA
ESP — 136
sigregels Jizeg~4mm
Anin intensity w26mm/h _

Tl Wty e d— iay

o

»
-

.mﬂun.g!ou RATE mmsh.
(=]

-
2

19 20 30 4v 80 60 16 €0

HAMAA =~ NETANYA (d)
ESP - 1,0

2ggregale niFRD=4 mm

Al InEsnaity =32 6 mm/h

W 20 88 4c §0 60 0 60
Gumulative Ranfak.mm

The Effects of Calcium Carbonate Content,
ESP, and Electrolyte Concentration on Infilivation (After Agassi et al, 1931)

It should be noted however, that they did use a moderately high intensity of
simulated rain (26mm/h) in their tests. According to & study performed by
Hudson in Rhodesia in 1971 (clted by Marston, 1982), at rainfall intensities of
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jess than 50 mm/h, the kinetic energy of rain decreases considerably. The
iinetic energy of rai* o1 intensity 25 mm/h was found to be 90% of that of
rainfall of 50 mm/h, while at intensities of 10 mm/h the kinetic energy was
found to decrease by a further 30%. At low Intensities, the effect of particle
movement at the surface would therefore be less important. . :

The infiltration rates for distilled water and solutions of different hydraulic
conductivities of shown. Results for four soils are shown:

® goil with a high CaCO, content, and a high ESP.
o soil with a high CaCOj content, and a low ESP

* soil with a low CaCOg content, and a high ESP
+ soll with a low CaCOj content, and a low ESP

An estimation of the curve which would be obtained for RWE water, (based on
conductivity) is drawn in,

In all cases an increase in eleatmlyte concentration was found to dectease
inflltrability, It should also be noted that this effect is most marked at low rainfall
depths,

In the case of the caicium rich soil, soils of low ESP were mors sensitive to the
presence of electrolytes than were the soils of high ESP. In soils with low CaCO4
content this trend was reversed, This is attributed to the ability of soils of high
CaCO5 content to release electrolytes into permeating water at a rate great
enough to prevent clay dispersion,

One would therefore expect the Linbro soil with its low caleium content and high
ESP to be fairly sensitive to electrolyte concentration. In fact one would expect
it to behave similarly to the soil in figure 10.2 (c), The clay percentage of the sail
used in thess test Is however much higher than that of the Linbro park soil.
(11% of 3%) The effects of dispersion in the Linbro Park soil may therefore be
lags marked,
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Iis summary, based on these results, one would expect that using RWB water
rather than tain water would underpredict runoff, and overpredict infiltration,(by _
as much as 100%.) '

A series of ring inflltrometer tests, using both distilled water and RWB water,
was performed, in order to try and establish how the behaviour of the Linbro
Park sofl compares to expectations based on the results of Agassi et al, The tests
also yielded information about infiltration rates under ponded conditions,

The Double Ring Infiltrometer

A double ring infiltrometer with an outer ring of diameter 1m and an inner ring of
diameter 0.6m was usexl, This is smaller than the infiltrometer recommencled by the US
EPA, (EPA /625489022, 1989,) but was used because this size of ring was

readily available, and easily transportable, The exact method of testing is

described in Appendix F,

Four different test sites were used. Tests were performed using distilled water as well
as Rand Water Board water. The results are shown in detail in Appendix ¥, and are
summarised in table 10,1, below, '

A great difference between the infiltration rates measured on the varlous sites was
found. Steady stats infiltration rates vary from 1mm/h to 50 mm/h. Infiltration rates are,

* in general, very high.

Initial infiltvation rates vary greatly from site to site and from test to test. Higher
antecedent moicturey are generally associated with lower initial infiltration rates, (as
would be expected,) This is not, however, always the case, (See the results of tegts on site
one)

Steady state infiltration rates for distilied water and for RWB water were similar for a
particular site, The difference between results obtained using distilled water, and those
obtained using RWB water are not much greater than the differences obtained when
repeating tests on the same site, using the same type of water, under the same
antecedent moisture conditions, (eg compare the results from test sltes two and three,)
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gite | Moisture Iinfiltration Rates Infiltration Rates
Lontent (| (mm/h) for Distilled (xm/h) for RWB Water
Watexr ) i R N
Initial | At Shre? [l Initial | At Shrs
| one | maturar {110 1 - -
ol (2%) _ - _
 One Diainad - .= 20 35
for 14 )
___ | days N o
tna | Drained I 85 : 20 28 25.
. | overnight ) ) -
Iwo | Natural - - § 300 | 80
Two | Drained 5§ 50 . - -
for 14
. days : _ .
Two Drained - T8 ao 25 . 38
o overnight ) : .
Three | Natural - - 11 4
_ {2%) i
Three | Natural - - 3 K] 11
TR I -
| thirea | Drained- 1 1 - -
for 2 days
Four | Natural Ir - - 600 | 200
] {2%) . odl
Four | Drained - - 530 BO
overnlght ) ) ) "
# Bt snhze meat of the tests had more or less redched steady state conditions.
Table 10.1

Results of Double Ring Infiltrometer Testy

The very high infiltrability and the large differences between sites is attributed to the
presence of cracks in the cover. Matiy of these cracks are not readily visible on surface

(but sometimes show up when wet,)

Site 4 was located on a visible crack. Infiltration rates for site 4 were so great that not
enough distilled water could be obtained to run a test on this site. It shouid be noted
that infiltration rates abtained for this site after it had been thoroughly scaked, were
much lower, suggesting that the crack in the cover had closed sonewhat as a result of
swelling of the soil.

143



- These results do not suggest that infiltrability of the cover increases when RWB water
"8 used, (as was aﬁpected on the basis of the discussion in section 1.1) 'This is again
attributed to macroscopic effects.(ie cracks in the cover.) These are obwiously fer more

- significant than the micro-chemical effects in the case of this landfill,

On the basis of these test results it was decided that the use of RWB water in the
sprinkier infiltrometer tests would not lead to great errors in runoff measurements.
2 SPRINKLER INFILTROMETER TESTS

. A sprinkler infilirometer was desigried and built, and runoff during simulated stor_nis. of various

- depths, was measured. Runoff from three different test plots was measured, Test plots were

chosen to have different slopes, degrees of vegetation, and surface cracking.

The design of the infiltrometer, the runoff plots, and runoff measurement systems are described
in this section, The results of the tests are compared to runoff predictions made using existing
prediction methods, ' '

2.1  Design Depths

Most studies on rainfall depths, have been carried out for the purposes of designing
storm water control systems, (eg Adamson, 1981) In this case the heaviest rainfall jn a
period of years is of interest. In the case of infiltration however, rain typical of an
ordinary day is of interest. It is under these conditions that most infiitration takes place.

Likewise most methods for estimating runoff are based on storm events. These methods
‘may therefore be expected to overpredict the percentage of runoff for a rainfall event
of very common occurrence,

In order to determine what depth of rainfall the simuiator should be designed for, an

analysis of daily rainfall from a nearby rainfall station, (with a 30 year record,) was
analysed. The results are shown in Figure 103 below,

144



Relative Frequency

0.8

0.6 _-

e
Py

02

50

100

150

Depth of Rainfall (mmm)

‘Figure 103

Frequency-dep_fh' distribution for daily rainfall at Jan Smuts Airport

250




The figute shaws that some 60% of daily rainfall depths are below Smm. 75% of rainfall
events are less than 10 mm in depth, and about 90% of daily rainfall is less than

20 mm in depth. The mean rainfall depth is abzut 10 mm, with a standard deyiation of
about 13 mm. . '

Based on this mformatlon it was decided to mmulate ramfall events of Smm, lﬂmm, and
* 20mm depths. '

The actual rainfalt depths achieved were checked by using a nurnber of rain gauges
_ d:stributed across the site,

Design Intensities

As is the case for studies cn rainfall depths, studies on rainfall intensities are
generally geared towards the design 6f storm water control systems. Depihs lower than
20 mm- generally do not feature on mtensnty—depth-duratlon curves. (eg Schrmdt and
Schulze, 1987)

As stated in Chapt&r 4, the SCS rainfall intensity distribhtions, have been moditied for
South African conditions. The SCS method may be used to give intensity distributions

_for any rainfall depth. The distribution obtained may not, however, be appropriate for
low rainfall depths, since the distributions are based on storms of 10 to 20 year
recurrence intervals. Schmidt and Schulze, 1987 found that for low rainfall depths, the
peak rainfall intensity occurs close to the start of the storm, rather than close to the
middle of the storm, as is the case with the S8CS distributions. The assumption that the
peak intensity occurs in the middle of the storm, leads to conservative estimates for
stormwater control design, but would tend to underestimate infiltration.

The Johannesburg Municipality have made data from their autographic rainfall gauges
available for study in this project, An attempt was made to use this data to try and
determine an appropriate rainfall depth-intensity distribution for the site, for low rainfall
depths,
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The data from their gauging stations has been summarised, showing cumulative depths *
at times 2 5; 10; 20; 30; 60; 90; 120; and 180 minutes into the storm. Without analysing
the original recording charts it is very difficult to pick out pedk intensities from this data.
Analysis of the original charts is an extremely time-consuming process, Due to a lack of -
time, the analysis has not been completed. for this project. It is, iowever, evident from
the summatised data that peak intensities do indeed occur at the start of the storm for
rainfalls of lower depths. The dita also showed that it is also not nncommqn for rain to '

oceur in two or three spates during the day, each spate having a peak intensity at the

start.

In the absence of more definite information on actual distributions, the $CS storm-
distributioné were used as a basis for the sprinkler infiltrometer design.

The SCS distributions could not be reproduced exactly, dus to constraints of the
capabilities of the sprinkler systems, and the impracticalities of testing over a 24- hour
period, They were, however, used as a basis for design. '

The SCS distributions yicld peak intensities of 28 mm/h; 14 mn/h; and 7 mm/h for

‘rainfall events of 20mm, 10mm and 5mm depths respectively. The SCS rainfall intensity

distributions for the design storms are shown in Appendix G.

Infiltrometer Design

- Infiltrometets which closely reproduce drop size, kinetic energy, and drop pattern of '

rainfall have been described in Chapter 7.

"The building and calibration of such a device is a lengthy and expensive undertaking, and
is beyond the scape of this project,

Investigations into the feasibilify of borrowing such a device were carried out, The South
African Department Agriculture, Pretoriu, Liave a rotating boom rainfall simulator which
irrigates a plot sized 8m by 8m. It is, however, designed to operate only at an intensity
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of 60mm /b, (Mc Phee, pers, comm., 1991) This may be suitable for erosion studies, but
is not (on the basis of information given sections 2.1 and 2.2) suitable for infiltration

studies, -

The Department of Agricultural Engineering at the University of Pretoria have recently
designed and built a variable intensity rainfall simulator. (The cost of materials for the
system being about R 10 000,) It, huv}ever, irrigates a plot of dimensions 1m by 0.6m.
(La Grangs, pers. comm, 1991) This is consideted to be too small to adequhtdy :
represent surface conditions on the landfill. - '

1

 Existing simulsitors which might be available to use in infiltration studies are therefore
‘unsuitable with respect to either intensity, or size of plot irrigated, -

~ Tt was therefore decided that i_t. would be most appropriate to design a cheap, simﬁle,

easily porta-lz system which would be capable of reproducing rainfall intensities requked
for this study. Attention has not been paid to kinetic energies and drop sizes. (These
paranieters are likely to be of less importance if low rainfall intensities are to be
simulated, than they would be if high intensities were to be simulated;):.

The simulation system which was chosen is a simple irrigation system, using rotating
sprinklers, The cost of materials for the system was about R 3 006,

The Sprinklers and Nozzles '

A wide variety of sprinklers, with different nozzles has been tested by the South
African Department of Agriculture, The Department publishes irrigation
distributions using various flow rates, pressures, and spacings, for each sprinkler
type. The coefficient of uniformity’ (which describes the degree of uniformity of
irrigation achieved) is computed for particular sprinkiers, nozzles, flow rates,
pressures, and spacings. A coefficient of uniformity above 80% is regarded to be
aceeptable for agricultural irrigation purposes , while a coefficient of uniformity _
of above 84% is regarded to be good, and a coefticient of 90% is considered to
be excellent, (Reinders, pers. comm., 1991)

148



1t should be noted that these tests are carried out under windless conditions.
Wind can sevarely affect distributions. It should also be noted that evaporanon

s minirnised in the tests so that actual application rates achieved in the field may -

be much lower than I:'dlcated by the tables published by the- Department of
Agnculture

An example of the test results for sprinklers is given in Appendix H. A graphical
representation of water apphcanons of various coefficients of umfonmty is also
' gmn. '

A Dusi R & N 70 sptinkler was selected to deliver the required application
rates. The sp'i"inklér § are capable of ‘rrigating an area large enuugh to represent
the behaviour of a landfill surface dm‘mg rainfall, An area of betWeen 80 m? and _ '

320 m? can be uniformly u'ngated using 4 sprinklers only. The Dusi is 4 hammer -~

driven sprinkler, Other sprinklers Wthh are not hammer driven apparently give
more uniform distributions. These are howevar, not obtaji e in South Africa

at present.

The minimum reasonﬁbly uniform application rate achievable using agri ‘tural -
sprinklers is 3mm/h. The maximum rate which can be achieved usihg one set of
sprinklers is about 20 mm/h, Doubling the number of sprmklers in a gwen
spacing could double this 1+

These limits, together with the computed SCS distributions, were used to design
~ an intensity-duration distribution for each of the rainfall depths selected for
simulation, The practicalities of the length of testing time were bome in mind
alsa, Due to the limitatir - .» the sprinkler system, a stepped dist_.ribution was
used. It w - decided that na miore than four differant sprinkler spacings, and no
more than twa different nozzle combinations were to be used for the tests so as.
to avoid confusion, The combinations of nozzles, sprinklers, and spacings used
to achieve the different intensities are given in Appendix G. The idealised 5CS
distributions, as well as the distributions designed for the sprinklers, are shown
in Appendix G,
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__The:Water 'Sitp'pl'}

The sprmklers selected for the test require a pressurs of between 250 kPa and
350 kP inl order to operate, Flow rates of between 4 m%/h and 7 m3/h were

- required to deliver the correct urlgatmn intensities to the plots. A petrol drwen .
' ceritrifugal, portable pump capable r; dehvenng 2 maxirm; in head of 600 kPa,
and a maximum flow rate of 24 m3/h was used. The pressure—ﬂow rate. curve for .

the pump is shown in Appendnx 1

N Total volumes of water of 6.6 m ; 10, 4 m?; and 16 m3 were requlred to mmulata
_ stormis of design depths Smm; 10 mm; and. 20 mm respecnvely. RWB water was

avallable wn the landfill s1te, but the supply point was located some 500m away
from the actual test plots, This. supply point also had to supply the needs of every R
day water use on the site, Pumping directly from the supply pomt was thug
precluded. A portable, ﬁ_m3 reservoir, made of ngh Dénsity Polysthiylene was

~ used as a resetvoir from which to pump. The reservoir was refiiled periodically
by 2 water tanker provided by Johannesburg Municipality. The water supply

system is shown in Figure 10.4
Delivery System

A rotameter type flow meter was fitted to the pump outlet so that d'el.ivery to the
sprinklers could be measured, The flowmeter was calibrated in the laboratory,

using a container hanging from a very large spring balance, A gate “zlve was

included before the flowmeter, so that the flow conid be regulated The pump
speed can also be altered 1o vary the flow rate.

After passing through the flow meter, the water stream was divided into four,
through a series of tee pieces and elbows. 50 mm diameter low .densily :
polyethylene piping supplied each of the sprinklers. Pressure meters were
installed a. each sprinkler head to ensure that correct delivery pressures were
obtained. The pressure meters were individually calibrated in the laboratory. The
sprinklers were mounted on stands, at a height of 1m #bove ground level.
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Figure 10.4
Water Supply System for Rainfall Slmulatlons _

l’.ntercept[on and Irrlgatiun Losses -

In the tests, an estimation of infiltration was made, chiefly by measuring runoff. It was

" impossible to measure interception losses es described in Chapter 4, since the grass had

been mown short. (The tests were performed at the end of the dry season.) This would
in any event have minimised interception losses. The grass on one of the test sites wae
accidentally burnt in a grass fire before the tests were performed, The results obtained

- from this site would therefore represent minimum jpterception losses, .

Rain gauges were positioned at various points on -  to ensure that a reas na
even application of water was achieved, On sunny days the rain gauges collected, on
average only about 70% - 75% of the design storm depth. The loss is thought to be due
partly to the evaporation of water as it left the sprinklers. Two tests were conducted on
a cold, cloudy day. On this day the ’effertive irrigation’ was found to be between 80%
and 90% of the design rainfall depth.

The raingauges were fitted with covers. Droplets collecting on the covers would tend to
evaporate before falling into the gauge. Part of the difference between the depth of
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~water collected by the raingauges, and the designed irrigation depth may therefore

represent evaporation from intercepted water, Evaporation from intercepted water would
of course be higher during the tests than in a real rainfall event, since the humidity of

the air js much greater during natural rainfall.

Based on' SCS estimations of initial abstractions under wet antecedent mofsturs
condition, the interception losses during natural rainfall (of a depth of 20mm)would
be gbout 15%. It can therefore be assumed that the balance of the losses (10% to 15%,
oh avarage') are due to evaporation as the water leaves the sprinklers, and increased
evaporation of {ntercepted water under conditions of low humidity.

The Runoff _Plnts '

A runoff plot size of 9m x 9m was used, The plot size was chosen to be large enough to

~ be representative of surface conditions of the landfill The size of the plots was

influenced by sprinkler spacings required to give chosen intensities of simulated rainfall, -
as well as the practicalities of water supply, '

 In ali cases the area actually irrigated was larger than the runoff plot, This was necessary

to achieve a uniform distribution over the runoff plot itself. .
Plots of different slopes, degrees of vagetation, and surface cracking were chosen, Each
of the chosen plots was surveyed in some detail so that a good idea of the slopes and
minor surface feature: was oblained. The choice of the plots was facilitated by a tachy
strvey of the entire test area. The plots were located as close as possibls to the edges
of the landfill, so as to facilitate runoff collection (Runot‘f collection is discussed in more
detail below.) Each of the plots is described briefly balow,

Test plot 13 Plot 1 has an average slope of 1,79, a4 has a vepetation coverage of
roughly 75%, One corner of the plot lies in a slight depression, and is thickly vegetutes.
At the tims when the tests were conducted, no cracks were visible on tne surface,

Test plot 2; Plot 2 has an average slope of 1.6%, and has a vegetation coverage of about
50%, A nu, -~ of large cracks, up to 10 mm wide were visible on the surface at the
time of the tasts.
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Test plot 3: Although normally densely vegetated, at the time at which the tests were
carried out, this plot had been burnt completely, No evidence of cracks was present on
the surface, The average slope of the plot is 20%. The slope is slightly terraced, The
slope was obviously constructed in this manner to facilitate the establishment of
vegetation, ' '

Altiiough the test plots had an overall slope, some small depressionis were present on all

- of them,

Rimoff Collection System

Small furrows, about 50 mm deep and 100 mm wide were dug around the edges of each
plot, 100mm diameter PYC hatf pipe channels were placed in the furrows, at a+ angle
such that they diverted water running onto the plot from upslope; and intercepted water
running off the plot, channelling it towards the lowest corner of the plot, The edges of
the PVC 'gutters’ were sealed with gypsum. '

A hole some 300 mm x 300 mm in plan, &nd 200mm deep was dug at the Jowest corneér
of each plot, A watertight sieel box was placed in each of these holes. The gutters
around the edge of the plot were arranged to feed into the box. A 50 mm diameter Jow
density polyet_bylena {LDPE) pipe was fitted nt the bottom of each box. Water flowing |
into the boxes was thus conveyed to the runoff measurement system,

The runoff collection and mieasurement system was sized on the basis of SCS runoff
predictions, {aking into account also the results of the ring infiltrometer tests.

The maximum amount of runoff predicted for the design storms bjr the SCS method was
6.5 mm, (or 0.5 m® for the chosen plot size.) Three 200 litre drums would be required
to collect this volume of water. To install three 200 litrs drums at the edpe of each plot
would have involved digging three holes about 1m deep, and 1.2m in diameter, This was
not at all desirable, The dritms were therefore located on the slopes of the landfill, and
runoff was fed into them by the LDPE pipes,

The 200 litre drums were fitted with a transparent riser pipe or sight tube on the outside
of the drum, and a length of tape measure was fitted next to this, In this way the water
level in the drum could be easily read,
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It would have been preferable not to route the runoff down a pipe, since a better idea
of runoff rates from the plot could then have been obtalned The whole system was
primed befors the runoff tests commenced so that theoretically, the moment a d'fop of
water entered one of the gutters, another drop would flow out of the pipe into the drum.
Practically however, there appeared to be some lag in the respnnsﬁ of the drum,
especially where longer runoff pipes were used,

Consideration was given to using a V-notch weir for measuring runoff rates. Calculations
showed, however, that the smallest runoff rate that could be measured by the sysiem
wauld be 15 mm/h. Bxpected runoff rates were very much lower than this, It was
thérefore decided to use collection drums,

'The runoff collection system used is ﬂlustrated in figure 10.5.

Figure 10,5
The Runoll Collection System
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Predicted Burioff

Based on the high infiltration rates measured during the ring infiltrometer tests, (abort

35 mm/h on average, at steady state), and considering that the marimum simulated rain

intenslty was to be 20mm/h, no runoff was expected for the design storms,

‘The rational method, however, predicts 119 runoff for all rainfall depths for the landfill,

~ (Hojer, 1988)

Table 10.2 shows predictions made using the SCS method, adapted for South African
conditions. The cover stiil was taken to belong class B (moderately low runoff potential)
on the basis of textural dlassifications. Predictions for the design rainfall depths, as well
ag for the measured rainfall depths, are given, As pointed out in section 24, the

‘effective’ irrigation depth achisved during the tests lies between these two figures. One |
could therefore expect measured runoff depths to lie between the two seta of predictions.

Figares for poor prass cover, fair prass cover, and good grass cover are given, The

predicted percentage runoff decreases within increasing vegetative coverage. Figures for -

different antecedent moisturs conditions are also given, the predicted percentage of
runoff increasing with increasing soil moisture. The SCS method does not take the effect
of slope into account in predicting volumes of runoff. '

The disadvantag of using both the SCS and the rational methods for predicting
infiltration volumes, is that they predict runoff, rather than infiltration. In order to
predict infiltration volumes using these methods, an estimation of interception losses also
needs to be made,

Ideally, a prediction of infiltration using Richard’s equation should be included for
comparison, Time constraints, and the lack of a clearly defined suction-moisture content

curve for the cover material, have precluded this.

The runoff predictions are compared to the results of the field tests in section 2.8,
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DESIEN RAIN DEPTH _EFFEETI\‘E .
X Ruoff for | X Ruwff for- | X Ruwfi for xmffflﬂ". ZWffnr £ Runoff for
‘Wolsture Foistiire Holstire Roistare Roisture . Hoisture
Landirion 1 Cordizion 2 Cordition 3 " Condition 1 Conditich 2 § Coslition 3
Depth Poor Grass Cover Depth Foor Srass Cover
Initial BOX 30% 15% Initial 80X Inx 15%
Abstractions Abstractions
5 mn 0.1% 3.5% 11X 3.5 mm 0.1%. 2.5% . BE
10 me 0.3% 6£.5% 20% 7-5 mm 0.2% 5% 163
20 ma 0.5% 12% - 32% 15 m. [ 4 9.5% 2%
Depth Fair Grass Cover " Depth - Fair Grags Cover
Initisl 105% 0% 15X Initial 165% &0% 5%
Abstiractions “Abstractions
5 mm (1} 0.7% 7% 3.5 mm i1 0.5% 5%
16 mm 0% 1.4% 3% 7.5 m 0% 1% 11%
20 mm ox 282 22%, 15 o 173 % 2%
Dapth Good Grass. Lrver Depth Good Grass Cover
Initial 130% 80X 30% Initial hpiird BO% el 4
Abstractions || Abstractians
5 Bn BX 0.1% 3.5% 3.5 mR_ 0% 0. 3% 2.5%
10 mam [1:3 §.2% 6.5% 7.5 0% 0.2% 5% _
28 mn 0% 0.5% 12% 15 mo 0z 0.3% 9.5%

Note: Initial sbstractions for rainfall depths lower than 20mm are not given by Schmidt and Schulze, 1987. At calculations are therefore ha: 1 on

percentages for a rainfall depth of 20mm.

Table 102 |
Runoff Depths Predicted by SCS Method
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2.8.1

Results of sprinkler Infiltrometer tests

In total 10 different runoff tests were conducted. Each of the three design storms was
applied to each test plot. The initial molsture content of the surface layer was measured

" before each test so that an idea of the effect of antecedent moisture could be obtain_ad. o

Thefeété were conducted at the end of the dry season, The antecedent moisture of the

- cover was therefore low. A Jow antecedent moisture condition is protably representative _

of conditions before the majority of rainfail on the Witwatersrand,

Far the tenth test, 2 Smm rainfall simul_ation was carried out after the surfate of the site
had been saturated, (ponds were allowed to dry up before the test however.) The results-

of the tests ars given in Appendix K, and are summarised in table 10,3 below,

Infiltration depths were estimated using the measured pumping rate, the measured
runoff depths, estim.ted interception losses, and the depth of rainfall collected in the

raingauges. Infiltration rates were estimated in a similar manner.
Infiltration and Runoff Rates

Despite the high infiltration rates measured using the double ring infiltrometers,
runoff was measured under application rates of as low as 4 mm/h in the
sprinkler infilirometer tests. Runoff under these low application rates was
measured on the falling limb of the hyetograph, e after the surfacé of the tests
plot had been thoroughly wet,

Recorded runoff rates were low, the maximum recorded runoff rate being

4 mm/h (during an application rate of about 16 mm/h), Runoff rates were not
found to increase with increasing slope, (in line with the SCS predictibns.) In fact
the lowest parcentages of runoff were generally associated with the steepest
slope, This result, may however, be misleading, since the slight terracing of the
slope probably affected the result, A different result may very well be obtained

for an unterraced slope,
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Piot Antecedent | Average Vager- Visible | Estimated % Runoff © [ veximes  { Mintmm Maxfmum Max Tmm Pending
Hoisture | Slope ation Cracks Effective Eztimated | Estimated Estimated ‘Runoff Rate )
Content [#4) i Simulstad teffective? Infiltration } Infiltration | Recorded
{o/m) (%) kafnfall Heasured | SCS | Amplication ) rate (mwh) | rate (am/h) Cayhiy
Bepth (mx) i Rote (ma/h3} | associated :
] ) Prediction
with runoff
One 2 1.7% 75X  No 4. %em ox S ox & | rope . 135 0 - no
5% &.7mn 1.7% - 5% -7 & 2.4 35 0.8 1 no
1.2% ) ) _
2% ! 1 8.3m 0.5% - oz 18 T 7 - 0.2 no
0.3% )
2= 16. Tem 2.5% - ax 16 : 4.7 3 .0 | yag
; 1.8X ] ] )
™o = 1.6% 505 | tes & o @ jom & R | 35 0 o
F-rd B.3mm 0.35-0.2% § 0.2%-0.3% 8.1 7 : 7 M 0o
= 16am £.7%-3.8% § G.4%-0.5% 16 1.8 14 & yes
Three 12 | 20% ToDX% o 1 4. %am - % 0.1% 4 . none 3.3 0 n
burnt ) . -
% _ 8.3 0.4%-0:3% | 0.2%-03% | 8 - laa 7 ' 0.04 Lo
= ) [ 18rm. 0.85-0.7% | 0.4%X-0.5% | 18 | 2.7 18 0.15 - yes .

T
A range of runaff percentages is olven. The first figure is the runoff as & percentage of the raiafati depth measured in ‘the rain gauaes. The secend figure T8 the runoff
as a percentage of the design rainfall depth. The true figure LTes between thess o,

Tab!e w3 -
Summary of Resuits of RunoffT&sts, Using sprinkler Infiltrometer
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Infiltration rates as high as 18 mm/h were estimated from measured data,
despite the fact that runoff was recorded at estimated infiltration rates as low a5

~ about 2 mm/h. It should however be noted that high infiltration tates were found

to cecur on the rising limb of the hyetograph, while runoff associated with low
infiliration rates was found to occut on the falling limb of the hyetograph.

1t was only during the storms of design depth 20 mm and under application rates

of 16 mm/h that ponding occurred,
Antecedent Moisture Conditions

it was only on a design storm depth of 5 mm that the effect of different
antecedent moisture conditiorns was tested for, No runoff was recorded for any
of the simulated- rain storms of Smm depth, having low antecedent moisture
conditions, In this case the SCS runoff predictions were i good agreement.

In the case of the simulated rainfall event of 5 mm depth, under wet antecedent
surfice moisture conditions, however, the SCS undetestimates runoff by a factor
of 3 to 6 times, This corresponds to an error of 2% to 5% of the total rainfall
depth, Considering the degrees of inaccuracy of measurements of other aspects
of the water balance, this error is not very Jarge. In any event, if the entire depth
of the cap were wet (rather than the top 50 mm), a higher percentage runoff may
have been recorded,

Vegetation, Surface Cracking, and Slope

The SCS method predicted zero runoff for 5 mm, 10 mm, and 20' mm rainfall
depths for plot 1, (with fair vegetation coverage,) under dry antecedent moisture
conditions. This prediction was very good for the 5 mm and 10 mm rainfail
event. (0% and 0.35 % runoff were measured for these storms, respectively,
About 2% runoff was recorded for the 20 mm event, Given the inaccuracies in
estimation of other aspects of the water balance, this errar may be considered
to be small,
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 'The SCS method predicted higher percentages of runoff for plots 2 and 3, which
are poorly vegetatgd. : : ' :

Percentages of runoff measured for plot 2 were Indeed higher, despite the
presence of large visible cracks on su:face; Percentages of runcff predicted for
the 5 and 10 mm events for plot 2 were accurate. Percentages predicted for the
20 mm event, however underpredicted measured runoff by about 10 times ¥
Although the prediction was out by a factor of 10, this represented an error of
only 3.5% to 4% of the rainfall depth, '
. ' ' : ' )

| Percentages of runoff predicted for plot 3 were very close indeed to the
measured runoff, the maximum error being 0.4% of the rainfall depth. It was
expected that due to the fairly steep slope of this plot the rimoff recorded would
be higher. ‘The lower percentage runoff recorded is attributed to the presence of
terracing and the fact that the surface of this plot is less compact than that of
plots 1and 2. o :

284 . The Rational Method _

The prediction of the rational method of 11% runoff correlates fairly poorly with
measured runoff rates. It was foand to be in arror by between 6% and 11% of
total rainfall depth, for the simulations carcied out in (his project, Assuming a
constant, but lower runoff factor (say 2%) for the rational method, based on
these test results would improve the accuracy of predictions for the low depths
of rain, but is likely to k3 erroneous for higher depths of rain,

In general the SCS predictions were found to be surprisingly accurate. The presence of
the surface cracks did rict seem to have a noticeabls effect on runoff percentages under
the simulated rain conditions, despite the fact that very high infiltration rates were
recorded under the ponded conditions of the double ring infiltrometer. Under heavy

# This result may have been influenoed by an operating error which cocurired

during the simulation. Althbugh a total depth of 20 mm wag applled, the
intensity disteribution was acceldentally altered, causing the peak rainfall
intenslty to be skewed towards the start of the etorm,
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rainfall, when water tends to pornd, infiltration may perhaps be higher than'prediéted by
the SCS method. It is, however, noted that some ponding did occtr during the heaviest
' _ ramfa]l mmulatmmz, and in these cases, the runoff predicted by the SCS method was in,
fact lower than the measured runoff.

.Although the runoff predictions are good to within a few percent of the rainfall depth,
the infiltration cannot be estimated with such certainty, because estimations of
interceptioﬁ losses are less accurate, (probably to withie 10%. to 15%.) A better -

estimation of interception losses would be valuable in estimating infiltration. It would be
“of interest to perform runoff tests during the growing season, when the grass on the site
is taller, and interception losses are higher,

Although the data gathered during these tests indicates that the SCS methrd gives good
predictions of runoff, for this caze, the data is too sparse to draw.any genaral conclusions . -
about the degree of accu'racy of SCS predictions for landfill surfaces. In order to draw
“more general conclusions, more testirig, on different sites.wuuld have to be carried out.

Tt would be valuable to measure runofy during some real rainfall events, to check on how
the simulator results compare with real rainfall conditions.

 An investigation into rainfail depth-intensity distributions for low rainfall depths would
be useful. The effect of a peak ratnfall intensity close to the start of the rainfall event
should also be investigated. The effects of antecedent moisture eonditions on runoff from

_ landfill surfaces, and the general state of the antecedent moisture prior to tainfall could
be investigated further.

1t would also be valuable to compare the results of the runoff tests to infiltration
predictions made by Richard’s equation. '
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CHAPTER 11

IN-SITU WATER CONTENT AND SUCTION MONITORING IN UPPER I..ANDI[LL
LAYERS -

_ Changes m moisture eonfent of the cover layér, and the upper layers of refuse were investigated

| to acquire me.¢ knowledge abot soil-moisture movement and evaputmnsplmtmn in the upper :
i layers of a landfill

.T‘he_deﬁth to which moisture may be drawn out by evapotranspiration, compared to the depths
of roots within a landfill was of interest. The assumption that the refuse blocks capillary
movement of moisturs, and that no moisturs is therefore returned to the atmosphere, through
the cover, after it has reached the refuse, was to be investigated. The speed of moisture
_ movement within this zone, was also of interest. -

1 THE APPARATUS

A number of methods of monitoring in-situ mmsture contents have been described in
Chapter 7. Calibrations for two of these methods (psychrometric and filter paper techmques)
are given in Appendix E. The results of the calibration showed that it would be most appropriate
to use psychrometers for the field tests. Provision was, -howevér, made to use the filter paper
technique as well. | : '

Although the primary aim of the tests is to monitor in-situ me’ -+ ‘ontents, the techniques
chosen actually measure suction. Theoretically if the suction is known, the moisture content can
be deduced. Attempts to measure a suction moisture-content curve for the cover have been
described in Chapter 8, The great degree of scatter obtainad ini these tests makes it difficult to
relate suctions to moisture ¢ atents. Furthermore, no suction-moisture content curves for refuse.
have been measured in this project. It is therefore difficult 10 use suction data to do a water
balance for the upper lan.fill layers, A good qualitative idea of moisture movement may,
nevertheless be obtained from suction measurements as suction is the driving force for moisture
movement.
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PDesign of Apparatus

It is desirable to instal the suction measuring devices with minimum disturbance of the
wrofile, as dié.tnrbing the profile chanpes its moisture-suction characteristics, A method

of installation which allows for easy recovery (for inspection, replacement, and cleaning
of the instruments) is prefer_able. A system for instailing psychrometers in the upper
iayers of landfills, which meets these requiren:ents was devised. The scheine is deseribort
below. - : E

A small diameter hole was drilled through the cov..~ and upper refuse iayers The

_ ' instroments were instajled in this hole {; mounting them on a rod Wiich extends down
" the ex_lt_lre depth of the hole. '_I’hc. instruments were ’stacked’ above one another within -

the hole, to maximise the aumber of readings taken within a profile: 4 cell isolating each

' instrument from the next s provided so that suction conditions do- not equilibrate

throughout the depth of the hole, Suction conditions at a partlcular lavel in the'
surrouiiding refuse profile, are allowed to equﬂlbrate, with suctior ~ .7 «ins w1thm acell
of the hole. The suction can then be measured by the psychrometer in. =_.._1ecl in the cell.

The hole is lined with a plastic pi'pe,.perf'nrated at intervals corresponding to the devths .
at which the suction is to be measured, The walls of the pipe form part of the isolating

cell, The harizontal walls of each cell cunsist.of dises of soft rubber, (of the same -
diameter as the plastic pipe,; which are mounted between two steel plates (of diameter
slightly smallér than that of the plastic pipe.) The dianuster of the rubber seal can be
increased by tightening two bolts, located on either side of the steel plates, so ensuring
a good seal against the PVC pipe. The psychrometer is mounted between a pair of these

. seals.

A hole is left in the plates to allow the psychrometer leads to pass to the surface. This
enables the psychrometers to be operatad from the surface, These holes are sealed with
silicone rubber sealant once the psychrometer stack has been assembled,

The cell walls also prevent the psychrometer head from getting wet. (Once a

psychrometer head has been wet, it may begin to corrode, and no longer give avcurate |
readings.) '

163



The system is illustrated in Figures 11.1 (a) and (b). Figure 111 (a) shows how a
~ perforated plastic container may be placed within the cell to hold strips of filter paper,
* (so that the filter paper technique may also be used.) The filter paper ¢ould be retrieved

. in order to take readings, by extracting the rod from the hole. :
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Figure 11.1 ()
Device for measuring in-situ suctions: Perforated pipe, horlzontal cell walls, position of
psychrometer head, and provision for using filter paper technique are fllnstrated.
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Figure 11.1 {b)
A 'peychrometer stock’

Yastallation of Apparatus

Four sites for monltoring suctlon were selected. A 'psychrometer stack’ was installed on
each of the three runoff test plots, and a fourth one was installed on a 'control’ plot,
which was not subjected to rainfall simulations. The holes were drilled, and logged and
thert the exact spacing of the instruments was decided on, according to cofditions
encountered in the hole, '

The holes were drilled using an pef-ol driven conerete coring machine, A 100 mm
diamster diamond tipped core barrel was used, The material from the hole wes not
flushed with water, 30 as not to disturb insitu moisture contents, The drilling was done
slowly and the material was generally soft so the core barrel did not need to cooled.
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"Yhe matesta; from the hole generally stuck inside the core barrel. The core barrel was
Liffii} st ire 2ve fs, the miaterfal was retrieved from the batrel, and the profile of the kole

was Jriit,

The drjlling process is illustrated in figure 11.2.

FETE

4

_ Figure 11,2
Drilling Holes for In-situ Suction Measurements

The stratigraphic profiles of the monitoring holes are given in Appendix L.
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' The holes were drilied to the depth at which they refused.” (This appeared usually to

be a chunk of concrete, or a really thick piece of steel. Pieces of steel up to 2mm m

thickness were successfully drilled through.)

“The holes were then covered for a day while the perforated PVC pipes which line the
“holes were pr.epared.' '(The spacing of the perforations was decided on according to

conditions found in the hole.) The 60 mm diameter perforated pipes were then placed
in the 100 mm diameter hole, leaving a space of 20 mm around the pipe. The profile of =
the upper layers was then reconstructed in this space, using material that had been
extracted from the hole. It was compacted back into the hole using a rod, ehsu;ing a
good fit between the hole and the surrounding material, ' '

Although the profile at the edge of the pipe was disturbed, the disturbance was keptto -
- @ minimum, Since suction, rather than thoisture content is to be nieasured, the effect of

this disturbance should. not influence resuits significantly. S

A small concrete cap was placed around the top of the pipe, ensuring that water would -
not run into the pipe, or down the side of the pipe. The cap was kept small so s to not
to prevent evaporation from the adjacent profile.In addition, bentonite seals were placed -
in the reconstructed lﬁor!:ion of the profile, at Jevels between paychrometers, .so as to.
discourage moisture from short-circuiting through the disturbed part of the profile.

Problems Encountered

It has been difficult to keep the temperature gradient between the heads of the
psychrometers, and the leads on the surface, low enough to prevent temperature

influences from interfering with readings. A sheet of polystyrene foam placed over the

*
Although a diamond tipped core barrel wes used, very hard material could

not: be drilled through. This was because the rig could not be gacuresd to the
ground very well, and the waight of the rig alone could not apply encugh
pressure to enable thée dril) to bore through the hard material. In any event,
drilling through very hard material would have caused the cora barrel to heat
up. The use of water to cool the harrel was not desirable, aince it would have
affected molidture contaents.
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installation has _Ir:e_pi the temperature differences reasonable, It has been found to be -
important to take readings eerly in the morning when temperature gradieuts are at a

minimum,

The psychrometets have been in-situ for abbut four months at pi'és'ent, and have worked
reasonably weil. Bome of them are now beginning to give trouble. It is suspected that the
‘heads of the psychrometers may be corroding, or may have become cuntammatecl by
| condensate from landfill gas. They will be retrieved and inspected, '

2 _ RESULTS OF SUCTION MONITORING

'The psychrometers were read about once a week, using 2 Wescor PR-55 control box. A standard
- cool time of 155, and 'a'cooi current of 8mA was used. The contro] box was connected to an x-t
recorder, so that the output from each psychrometer could be analysad The results of the

suction monitoring are shown in figures 113 - 11.6,
Monitoring started towards the end of the dry season. The suction in most of the holes was high -

~ at this stage, indicating (as would be expected) that the moisture contents in the upper part of
. the landfill profile were low. o '

Suction changes show similar trends in all the holes, The profiles tend to dry up (to their full
depth) during hot, dry weather, and wet up (to their full depth) after vain, (or after simulated

rain,)

The fact that different suctions were obtained throughout the profile indicates that the seals
between psychrometers were working,

The results of the suction mmﬂtori.n'g. for each plot are discussed below.
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Plot 1

" six psydhrometers, spaced evealy, to a depth of 850 mm were used in the hole on this

plot. The cover was fonnd to be 450 mm thick here. Three of the psychrometers were

therefore located in the cover layer, vrhile the remalmng, three were located in the refuse :

proﬁla
Depﬂi 50 mm. {caver material) - The psychromster pladed at a depth of 50 mm has very
rarely given useable readmgs, Th1s is due to tierniat gradnents, which czuse errors in the

psychmmetar output,

Depth 210 nm - (cover matenai) The sucnon conditions at this depth were usuaﬂy tao

high (greater than 5000 kPa) to be determined by psychrometric techniques. Only after B
. fan‘ly heavy rainfalls, were suctmn conditions vnthm tange of the psychmmcter

Depths 370 mm (cover material) and 690 mm (refuse)-‘ Very similar rsad_i_ngs were

obtained for these two layers, aithough they are separated by a zone in 'which the suction.
was found to be much higher. The sﬁctiun in these two iayers was found to drop within -
about four days of rainfall. During dry spells, the suction rises indicating that the' proﬁle
is drying out to a depth of at least about 700 mm,

Depth 530 mm (refuse) - Suctions in this layer are generally much higher than the -

~ suction in the two layers located on either side. The suction m this layer also takeza.

longer to respond to rain.

Depth 850 mm (refuse.) - suction conditions within this layer were persistently low (below-
about 100 kPa)

Although the profile wets up after rain there is no evidence of a vertically moving |
‘wetting front'. The suc'ion in one layer may remain high while the suction in the layers
above and below drop. This once again suggests that lateral moverment of moisture in
the refuse is significant, and that small aquifer systems are present in the refuse profile.
It should also be noted that water moves within the profile long before field capacity is
reached,
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“This part of the landfill appears to dry out to depth of at least 700 mm, although roots

do not estend below a depth of 200 mm . At 2 depth of 700 mum the moisture content

appears not to change. The profile dries out to suctions much lower than wilting point.

The drying process also does not proceed from top to bottom, suggesting that water
| movement during drying may also procesd lung lateral patisways.

" Plot2

The hole on this plot was drilled to a debth of 95¢. mm. The cover layer was found to
be 600 mm deep hem, although pockets of plastic-were found at depths of about 200 mm
and 400 min. Four psychrometers were located wuhm the cover layer, and two wers
located -, the Mnse belw, ' '

Deptbs 50 mm and 230 mm - (covar matenal, « The psychrcnieters placed at these
" depths have very rarely glven useable readings. This is due to thermal gradlents, wlnch
cause errors in the psychrometer output. -

Depths 410 mm and 590 mm - (covér material) - The suction in the upper of these two

layers is persistently higher than the suction in the lower layer. The suctions change _
synchronously, d.r_opping about four days after rainfall has occurred, and rising again

after five to ten days of dry westher. The suction changes in these two layers may -
represent wetting and drying fronts which move vertically, since changes appear to take
place from the top down. Fronts which move vertically would be expected tb_occur in the
cover layer, since the layering of differant types of material is not as pronounced as in
the refuse, (There are however, small pockets of plastic between the two psychirometers,)

Depths 770 mm and 950 mm - (refuse) - The suction at the 770 mm level is the highest
' in the entire profile (apart from the very top layers). The suction in the 950 mm deep
layer is the second highest, This pattern again suggests that lateral movement of
moisture is oceurring in the refuse. The suction in these two layers also changes
synchronnusly, with the suction in the two layers described above, Suctions much higher :
than wilting point are reachec in these two layers during dry weather, although the
suction does not go higher than about 3 500 kPa, (the suction above which methanogenic
bacteria become dormant.) '
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___;."',_I'he préﬁ_le wets up at suctions much lower than those corr&spbnding to field capacity,
and dries out to depths of at Jeast 1 m, even though no roots are foupnd to pienetrate
 deeper than 200 mm. Although largs cracks were present on the surface of plot 2, these

had no discernable mﬂuence on the speed at which moisture contents within the profile -
took’ place.

Plot3

The hole on plot 3 was drilled to a deput: of about 1100 mru. The cover was fourxd to be _

~ about 600 mm thick: “Threé pﬁj'chmn. TS Were pla”ed irs this cuver layer, and another

three were pl. -ed Wltb.m the refuse iiyeu. '

" Depths 50 mm and 250 mm - (cover material) Once again the peychrometers placed

at these depths have very rarely given useable readmgs Thermal gradients wére agam

- found to be the cause of the problem

Deﬁth' 450 mm - (cover material) - The_suctinr_n within in this layer was generaily the -

lowest in the profile. It did, huwever'dry out t¢ fairly high suctions during dﬁy spells, The

' highest suction it dried out to was about 1 500 kPa (wilting pmnt), although no roots

were found to extend to this depth The suction in the layer changes synclu'onously with

 the suction in the layers below it.

Depthts 656 mm; 850 mm and 1050 mm - (refuse) - The suction in these layers generally
 increases with deptli. Suction changes at the three levels all follow the same pattern, -

dropping within about four days of rain, and rising again within five to ten days of dry
weather, Fluctuations at the 650 mm depth are far greater than at the 850 mm depth
and the 1050 mm depth. This layer seems to respond to evaporative gradients and -
wetting fronts faster than do the other two. This may be due to its closer proximity to
the surface, or its moisture conducting properties, or both. Suction conditions at the
lowest level are the most stable, although even here large fluctvations in suction are
found. Once again, suctions in the refuse layers rise to ccnsidera'lﬁly higher levels than
wilting point, and the layers wet up at suctions much higher than that corresgondmg to
field capacity.
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- 24 'Control Plot"

The hole’ on the control plot was drilled to & depth of 600 mm. The cover was fousd to
be 400 min deep here. Three psychrometers are located within the cover layer, and a
fourth is located within the underlying refuse,

Except for the uppermdsf psychrometer, (which was most often unreadable becatise of
thermal affects,) the suctions within the profile are very low. This site lies in a general
depression, in which water may pond. This may explain why it is generally wetter than
the other three sites. Although the suctions are low, a trend of drying out during dry
-spells, and wetting up after rain is detectable, In general, the suction decreases with
depth, although the differences hetween levels is smail.

The {h-situ snction monitoring has shown that the upper layers of the refuse can dry out to higﬁ'
suctions, to depth o up to at least a metre. Drying occurs despite the fact that no roots extend
~ below 200 mm in the profile. Suctions much higher than wilting point are found at these depths.

Water maves within the profile long before field capacity is reached, Ramfalls as low as about
4 mm in depth affect suctions to depths of up to 750 mm,

There is evidence of lateral moisture movement during wetting up and drying out of the refuse
layers. Moisture n.ovement within the cover layer may, however, be vertical. It appears that
moisture moves vertically through the cover, and then Is intercepted by & layer of refuse (which

would slope gently downwasr’ 1to the original working face of the landfill.) The moisture
then appears to move alon -mse layers, There is evidence that drying occufs along the

same paths,

The suction in deeper parts of the profile takes about four days to respond to rain, and five to
ten days to respond to evaporative gradients. It might be expected that wetting and drying of
the deeper parts of the profile would be accelerated by the presence of cracks in the cover, No
significant difference in the rate of response of suction to rain or evaporative gradients was
found between the munitoring hole Jocated near cracks, and those not located near cracks,
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| CHAP_I‘ER' 12

PREDICTIONS OF LEACHATE PRODUCTION FOR LINPRO PARK LANDFILL

In this chapter, a number of predictions for lsachate production for the test section of Linbro
Park landfill are reviewed. Some of the predictions havs been made usitig gross water balances, -
while others have taken into account the distribution of water within the profile. Balances have -
been carried out on mionthly, weekly, and daily bases, The resuits of these calculations are
discussed below, Short-comings of the predictive methods are also discussed, -

1 PREDICTIONS USING SIMPLE WATER BALANCE METHODS

Hojem, 1988, carried out & number of water balance caleulations for E_he profiles of the two
avger holes of Linbro Park landfill. He used a gross water balance method, assuming that the

profile starts to drain only once field capaclty has been reached. Numerous combinations of

methods to predict infiltration, and evapotranspiration were used,

He used the SCS$ method, as well as the rational method to predict runoff, (assuming that the
water that did not run off, Inflitrated.) He predicted potential evapotranspiration by using

0.7 times average pan evaporation, He also used Thornthwaite's method to predict potential
evapotranspiration. To. caleulate actual evapotransplration he used Thornthwaite's tables,
asstiming evaporative Zone depths of 200 mm and 1000 mm.

The analyses were carried out using actual rainfall data measured for the site, (for a period of |
one year,) as well as using mean rainfall figures, and the mean plus one standard deviation of
the rainfall. Analyses were carried out on daily, weekly and monthly buses,

In total, 22 different combinations of approaches were used. A number of combinations yielded
a nil percolation result, while the highest prediction of percolation was 272 mm (or about 40%

of the annual average rainfall) per year, In general, calculations done o a daily basis yielded
a higher Jenchate production than did calculations done on a weskly basis, and weekly

caleulations yielded a higher result than did monthly caleulations,
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Assessing all the results together he estimated that the part of the landfili near the North auger
‘hale would start p'rdducing leachate in the year 2001, His prediction for the portion of the
landfill surrounding the South auger hole is that it would start producing leachats in the year
2003, He estimated the annual Jeachate production to be 136 mrm {or 20 % of the mean anmual
precipitatibn), per annum assuming a 1000 mm deep evaporative zone, and 213 mm (or 30% of
the mean annual :ﬁrecipitation) per annum assuming a 200 mm deep evaporative zone,

Hojem's calenlations are copservative in some aspects, and not in others, As discussed in
Chapter 5, the assumption of an evaporative zone of maximum depth 1 m is probably
conservative, + % the other hand assuming that the profile only starts to diain once it has
reached field ¢pacity would tend to underestimate total downward moisture movement
(dlthough it should have little effect on the annual figure.) The asumption would overestimate
the time which it takes for the landfill to reach more or less steady state conditions, In Hojem’s
analyses, the field capacity of the andfill profile was taken to be 60% (mg/m. ). Figures quoted
in Chapter 8 suggest that this is a conservative estimation.

The use of daily rainfall for the period 1987-1988 would lead to a conservative result since this
was a wet year. (Rainfall was about 140 % of the mean annual fignre,) The use of gverage
-~ rainfall figures would tend to under predict percolation through the cover (because they do not
allow far the effects of wet spells.) Using the mean plus one standard deviation, however, seems
to be unnecessarily conservative, ' ' '

Hojem neglected interception in his infiltration calculations, This would also lead to a
conservative result,
2 PREDICTIONS USING HELP

HELP (Schroeder et al, 1983, and Schroeder, 1989) caleniates the water balance oh a daily basis
and uses actual or synthetically generated values for precipitation. i

If HELP's parameters for field capacity and wilting point (quoted in Chapter 8) are used a
conservative estimation of Jeachate production would result. (Measurements made during this
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projex:t, show HELP's parameters to be eonsetvative), HELP does, theVer allow the user to
spezify his own soil and refuse parameters :

HELP does not 'uée an iteratiVe implicit solution of the generalised flow equations, but uses a
~ soliition of Darey’s law, adjusting permeability for moisture conteat. The profile is allowed to
. drain to wilting point (as cbmpared to Hojem’s assumption that the profile drains to field

| capacity.) Based on the results of the field tests presented in Chapters 9 and 11, this ppears
to be a more realistic assumption. The total predicted leachate production would be expected
to be higher using this assumption. The simulated landfill profile would also be expected to
reach steady state’ conditions sooner under this assumption, '

The depth of the Waporatﬁa zone is limited to the depth speciﬁed- by the user. One would
expect that specifying a shallow zone would lead to a conservative result. HELP takes account
of the effect of leaf area index on evapotranspiration. A greater percentage of
evapotranspiration may therefore be predicted, than by using .Thomthw:iite’s,' tables.

On the basls of the findings preserted in Chaptér 10, the application of the SCS mathod to
assess runoff is expected to be accurate, HELP also takes interception losses into account in
predicting infiltration depths, |

The HELP model was run to predict leachate generation for the test section of the landfili,
based on the profile of the South Auger hole, and the and soil and refuse data quoted in
Chapter 8. : '

Actual daily rainfall data from a nearby weather station (Jan Smuts Airport), with a 30 year
vecord, was used, HELP runs only 20 yedrs of rainfall data at a time, The programme was run
firstly for the years 1970 to 1989, using actual data from those years, Since HELP does not
contain a synthetic rainfall generator appropriate for the Johannesburg area, the years 1990 to
2020 were simulated by repeating the 30 year rainfall record.”

The programme was run for evaporative zone depths of 200 mm and 1000 mm. The results
obtained are summarised in the table below.

*Statistiaally, thie 1z a reasonable practice, since a thirty year record
ie long enocugh to gontain data represencing drought years and wet yeare.
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‘ Pated’ Etement Predicted Prediction for 0.2 a | Prediction for 1 m
S i Decy Evaporative Deep Evaporative
Zone * : Zone*
|| 1970 to 1989 || -Average Runoif . _ 1.3% 4% !
1 ' +Average Evapotranspiration wR 40 %
-Aversge Leachete Prodictian R R 0.01 %
+Avdfopa Change in Moisture B W04
Storage ] i . .
. “Mawfmuni Bafly Refnfall 26 % 26 %
|| Hoxinm Runcts : %% L
1990 to 2009 | +Averame Runotf heg 0.4 %
- +Average Evapotranspiration 80 % | L
*Average Leachate Production © Lot X 0.01 %
*Average Change in Nafsture vr 9%
Storege . [ -
" vMaximin Daily Rainfalt 2% 2 ¥
‘Meximm Runoff T 6%
- 2009 to 2020 || ‘Averege Runafs ' Db % 0.1 %
‘Average Evopotranspiration HR %R
«Averagé Leachate production N ] 1 0018
«Average Change in Molsture . %X - 25K
Storegt ' -
“Haxinom bally Reinfall 5% 5%
" oMaxTman Runoff . 2.5 % _ 1%

* Fipures ure quoted os g parcer'atag'e of the mesn anntal rainfall

Table 12.1
Summary of Results of HELP Water Balance Calculations

HELP predicts a very much lower adnual leachate production (0.01% of the mean annual
precipitation) than was predicted by Hojem, HELP's predictions appear to agree with field
conditions better than do deem’s predlctiuns.' The average runoff predicted by HELP is very
low. This is in line with the results of the sprinkler infiltrometer tests (presented in Chapter 10.)
The main difference between the two sets of calculations appears to be that HELP's predictions
«of evapotranspiration are much larger than Hojem's predictions based on ‘Thornthwaite’s tables,
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N Surpnsmgly, ma"easxng the evaporative zone depth, actually tended to decrease the prechcted
percentage of evapotranspiration, This may be linked to assumptmna about root dlstnbutlons
~ {and assaciated assumptlons about partitioning evapotransp:ratrve lusses) within the profile.:

Aséuming A shaﬂovv’er evaporative zone dap_th _also increased predieted runoff. This is .what one o
would intuitively expect. A shallower zone of evaporation would be expected to lead to higher
antecedent moisture conditions in general. This would in turn te expected give r:se to a greater

o yalume of runoff. The prediction of greater rinoff, together with a greater percentage of

evapotranspiration is however surprising, if predictions of evaporative losses_ were found to
increase, the simulated antecedent moisture conditions of the surface should be generally lower,
and simulated infiltration should therefore increasen any event the assumption of different
 evaporative zone depths did not make any difference to the predicted leachate production. -

Although HELP’s predictions appear to agree fmrly well with conditiosis observed in the field,
HELP has the shortcominé that it does not take lateral flow into account. Lateral flow in
 Iandtills has been shown (in Chapters 9, 11, and 13) to be important, HELP's methods of
predicting evapotranspiration also appoar (on the basis of data presented in Chapters 9 and 11)
to be inadequate. HELP is however easy to run, and has modest data requirements. It may -
therefore be regarded as a useful tool for the assessment of water balanices. '

3 PREDICTIONS USING UNSAT-H

Tdeally the UNSAT-H programme (Fayer and Jones, 1990) should be run to compare the
predictions of leachate production. Hardware-software interfacing problems, together with the
difficulty of obtainihg software written by United Statés government departments, under the
boycott against South Africa have preduded the possibility of this for this study.

One would expect the evaporative component predicted by UNSAT-H to be higher than that
‘ptedicted by HELP, and more accurate, (since UNSAT-H does not limit the evaporative zone
depth, and takes vapour flow and non-isothermal flow into aécount.) The infiltration predictions
in this programme rely on solution of the Richard’s equations. This may not 'neceSSarﬂy lead
to a greater degree of accuracy, than is achieved by SCS predictions, UNSAT-H also does not
allow for latera] flow. Evidence that lateral flow is significant in landfilis is presented in Chapters
9, 11 and 13,
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4 SHORT-COMINGS IN EXISTING PREDICTION METHODS

.The ma;or short-cnmmg of many of the readzly avaﬂable pre.dlctwe onmputer programmes for

- _ cumputmg water balances appears to be their assumption of one-dimensional flow. A number-

of computer programimes that model moisture flow in porous media in two dxmensmns, using

& two dimensiopial form of Richard’s equation exist. (eg Yen and Akan, 1983, and Davis and
' _Nemn’an, 1983) These programmes would be ablé to take account of anisotropic properties of -
the pomus miedium, §t would be interesting to apply these programmes to landfx]ls and compare
. thelr predncnuns to the observed field conditions. :
o Anothet difficulty encountered in cailculatmg-ieachate production is that relationships between
imoisture content, suction, and hydmulic. conductivity for refiise éppear to be ill-defined. - |

Surprisingly, ignoring the presence of large cracks in the surfaces of landfills appears to have
" little effect on runoff predictions, (for light to moderate rainfall) based on the SCS method. If
the data measured ir the field tests using the double ring infiltrometers were to be used in the
': Kostiakov, the Holtan, or Horton's equation to predict infiltration, the effect of the cracks would
be significant, These predictions would probably only be valid for heavy rainfall, where ponding
could occur, It would be of interest to ascertain whether i 1gnor1ng the presence of cracks would
aifect mﬂltratmn predmuons based on Richard's equntion :

182



CHAPTER 13

" CONTAMINANT MIGRATION AT COASTAL PARK LANDFILL

This chapter describes the results of studies carried out on the migration of mntaminants ata
landfill situated in the Cape Province. - '

The landfil, known as Coastal Park landfill is run by the Cape Town City Council, The landfill
is situated on the Cape Flats near Muizenberg, It is underlain by Cape Flats Sand and has an
unsaturated zone that is two metres thick. The refuse is placed and compacted in cells that are -
5 m high. The intermediate and final cover is sand. Deposition of refuise was started in 1986 and

‘the intended life of the site is 20 years. '

This landfill is, (like Linbro Park landfill) situated in an area of annual water deficit. (The
annual potential evapotranspiration exceeds the annual rajnfall) It does however have a seaso'n'al.
water surplus, during winter, when the potential evapotranspiration is low. Winter is also the
rainy season at this site, The landfill is nt underlined and emits leachate d.urihg the winter -
months, Landfilt gas is_ not presently extraf:ted, b_ﬁt an experimental well field is currently being
instalied. ' o '

Twa different series of tests were performed at his site, The first invoived sampling a number
of holes dug in the landfill itself, to a depth of about 6m. The aim of these tests was to monitor
migration of contaminants within the landfill itself.

The second test series involved sampling a line, starting at the toe of the landfill, and extending
some 10 m away from the fill. The aim of this set of tests was to try and monitor lateral

movement of contaminants within the unsaturated zore of the toe of the landfill.
Samples recovered 'during this exercise were analysed by preparing extracts from the samples,
(in the manner described in Appendix B.) The extracts were then analysed chemically for pH;

chemical oxygen demand (COD); total dissolved solids; conductivity; alkalinity; ammonia;
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chloride; sodmm, an_d.potassium. In addition, moisture contents, field capacifies, and suctions
of some of the samples were r.ssted. “rese tests were carried out as described in Appendices
A, C, and D respectively. '

The results of the two series of tests are described below.

‘1 - CONTAMINANTS IN THE LANDFILL PROFILE

‘Fout holes were sampled in this test series, The first hole was sampled twice, at the end of the.
dry season (May) and at the end of the wet season, (October) in 1988, The samples from this
hole were tested by Hojem (1988). The other three test holes, spaced about 20 m apért,. to
roughly form a triangle, were sampled at the end of the dry season in 1990, The samples from
* these three hofes (alpha, beta, and _ga:hma) were analysed as part of this project. '

The aim of samplirig three holes, spatially separated is to gain an idea of whether it is valid to -
 use results from one test hole as a basis ani which to predict the behaviour of the whole landfjll,
or whether holes some distance from one another, differ radically. The results of the 1988 tests
and the 1990 tests are shown in figures 13.1 (a) to (j), and are discussed and compared below.

1.1  Moisture Content

(See figurs 13.1 (a)) The results of the 1988 tests show that the entire profile wets up
during the wet season. Although field capacity for this hole was not measured, based on
the figures obtained for field capacity for the other three holes, the moisture content of
the profile, even at the end ~* ' geason is helow field capacity, This demonstrates,
(as pointed out in chapter moisture moves within the profile at moisture
contents considerably lower than field capacity. '

The moisture contents of the four holes at the end of the dry season is fairly similar,
except for one point in hole alpha at a depth of 5m. The values of field capacity’
measured showed holes alpha, beta and gamma to be well below field capacity at the end
of the dry season.
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A mugh calulation of the velocity of water within thej.proﬂle, assuming one dimensional
© vertical flow, and based on changes'o_f average moisture content between the wet season

and dry season yields a velocity of about 1 m per year. (3% 1T 6 cm/s)

(See figure 13.1 (b)) The hole sampled in 1988 showed a decrease in pH during the wet

* season. This is wnusual since increased moisture contents usually favour methasiagenic

mndﬁions, and pH levels drop under these conditions. The decrease in pH may, howeVer

- be related to the greater concentration of contaminants in the profile during the wet

season. The pH in all three holes is similar, being equal to about 8. This indicates that
methanagenic conditions prevail within the site. The COD within the profile, is therefore:

'.-'expebted--tobelow.' -

'_ Chemical Oxygen Demand

(See figure 13.1 (c)) The COD levels within the holes are generally low, and are typical

of methanogenic conditions, (as expected judging by the pH levels.) There is one zone ~ -
(at a depth of about 4 m) in the hole tested in 1988 which has an extremely high COD.
This zone corresponds to high moisture contents, and high concentrations of other ' .

contaminants. This suggests that a pocket of pollutants has been washed to this part of
the profile during a wet spell, '

Total Dissolved Solids

(See figure 13.1 (d)) The TDS levels within the four holes shows a degree of variation.
‘The variation is generally within a factor of two, howevet. Peak concentrations of
pollutants similar to (although not as marked as) the one found in 1988, show up in .
holes alpha, beta, and yamma, at levels of 4.5 m to 6 m. The fact that these
concentrations are found at similar ievels, indicates that pollutants may have been

trahSported to this parl of the profile by similar mechanisms. In many of the chemical |

analyses, hols heta shows a peak concentration of pullutants at a level of 1.5 m also,
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" The concentration of salts within the hole sampled in 1988, increased during the wet

season. This shows that salts are being transported to this part of the profile during the

~ wet season, Since the concentration of salts higher up in the profile has not changed

15.

Lé

1.7

significantly, the salts have evidently not waslied in from above. This 0bs§rvati0u yields
more evidence that latera) movement within landfills is dominant,

The peak in concentration of salts in the hole sampled in 1988, at the 4 m level,
incrensed with respect o the mass of dry solids during the wet season. The concentration
of salts in the water held by the refuse has, however, not changed. '

It should also be noted that in the analyses carried out in 1988, the concentration of salts
in the upper layers is higher at the end of the dry season, than at the end of the wet

~season, indicating upward movement of moisture under evaporalive gradients. The

concentration of salis at the top of the three “oles sampled in 1990 corresponded with

 levels found at the end of the dry sedson in 1988, indicating that there has heen no net

downward migration of salts at the top of the profile.
Condueﬁvity '

(See Figure 13.1 (¢)) The trends displayed in the conductivity analysis are very similar
to those displayed in the TDS analysis. : :

Alkalinity

(See figure 13,1 (£)) The trends displayed with respect to alkalinity levels are very similar
to trends displayed in the TDS profile. The alkalinity of the holes is gener..uy more '
uniform though. This is probably due to the high alkalinity of the cover material.

Ammonia

(See figure 13.1 (g)) Amnionia contents in the three holes sampled in 1990 are* - -low,. '
except for one result at the 4 m level in hole alpha. Interestingly, this peak ¢ us not

“correspond to peak concentrations of any other contaminants analysed fot,
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Ammonia levels found in the hole samp! « in 1988 were much higher, especially at the
4 m level (corresponding to peak concentrations of other pollutants.)

18 Chloride .

- (See figure 131 (h)) Chloride concentrations géﬁeraﬂy display trends smnlar totheTDS
concentfatiuns._ At the end of the dry season in 1988, however, the 'pL'_;k concentration
at the 4 m level was not evident. By the end of the wet season it had become prominent.
The r_esult agai_h' indicates lateral moisture movemeiit within the profile. |

19 Sodium

: (Seé figure 13.1 (1)) Sodium levels in the three holes sampled in 1990 show much _fhe
same trend in concentrations as do the other salts. The levels within holes alpha and
beta are, however st mewhat higher than those in the hole sampled in 1988, and hole

gamma.

110 Potassivm

(See'figura 131 (]) ) The results of the analysis of the distribution of potassium is very

similar to that for sodium.

In general the properties of the material within the four profiles shows 2 degree of scatter, (as
© would be expected from a heterogeneous body such ad a landfill.) Similar trends are identifiable,
and variations of properties are generally within a factor of two. The degree .of' scatter is thus
not so large that data from one hole cannot be used to predict behaviour of other parts of the ' _
landfill.
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2 CONTAMINANTS IN THE UNSATURATED ZONE

: _In.this set of tests, samples were taken along a line starting at the toe of the landfill, and
extending some 10 m away from the fill. Samples wers taken at 1 m spacings (in the Jateral

“direction,) and to a depth of 2 m (at 0.5m intervals.) The aim of this set of tésts was to tryand

mumtm: lateral movement of contaminants within the unsatumted zone of the toe nf the Tandfill.

The: samlnles taken were subjectéd to chemical analysis, as well aa tests for moisture content, and

_ sucnon The results of the tests are shown in figures 13.2 (a) to (k) and are discussed below.

In examnung the praphica! depmuuns of the test results, it should be noted 1hat depth below _ |
surface, (rather than absolute level) has been plotted. The land slopes away from the toe of the
- fill, towards the sea. The water table occurs at a depth of about 2 m in this zone, The

groundwater is saline due to the proximity of the sea.
21  Water Contents

(See figure 132 (a)) The moisture. contents within the unsaturated zone are fairly

uniform to a de.pth of 1 m. They increase at a depth of 1.5 m, and reach saturatmn at

a depth of 2.m, Onl;.r tnose samples at2m are above field ca;:-ar ty#

- 22 ~ Suctions

(See figure 13.2 (b)) The suctions within the unsaturated zone are very small, At the 2
- m level, where the saline groundwatet is encountered, the suction increases considerably.

.'This increase in suction is due to the increase in the osmatic component of the suction..

23 Total Dissolved Solids

(See figure 13,2 (c)) The contours for TDS show high levels at a depth of 2 m. This is
to be expected, since this zone lies within the saline ground water. An area of low
concentration of salts is evident in the area between ¢ m and 2 m from the tos, to a

depth of about 0.5 m. A zone of high concentration accurs &t the surface at a distance

between 3 m and 7 m from the toe. Another small zone of very high concentration is
lov ted 8 m to 9 m from the toe, at a depth of 1.5 m,

#-'I'he fu.ld ocapacity of the gand was found to ba about 20% (m,/mg}

198



24 Chlaride; Sodium; Potassium; Ammonia; Sulphates; Conductivity; and Chenﬂcalﬁxygen .
Demand : -

 (See ﬁgur 13.2 (d); (e); (D); (&); (h); (i); (k)) The distributions of other contaminants
 show very similar patterns to the distribution of TDS. In the case of chlorides, sodinm
and potassiiim, howevet, the zone of very high concentration at a depth of 1.5 m (and -
8 m from the toe) is not marked. The presence of these substances is probably due to
 the naturally saline character of the groundwater. High concentrations of sulphates,
~ compotnds of nitro_gen#, and COD are, however, found here. This suggests that a "cell’
of pollutants has perhaps been' released by the landfill, It may perhaps have been
released when conditions within the landfill were acetogenic: Conditinns appear to be
B m‘ethanc:génic now wiich may explain why a plu'n_'l_'e of pollution exteading towards the
landfill is not evident. ' ' '

The localised high spot of concentrations near the surface suggests that material may be
washing through the sides of the landfill or down the slope, contributing to the slightly
‘higher concentrations at this point. B _

In the case of COD there is an anomaly. The spot where, in the case of other
contaminants, low concentrations are found (at 0 m to 2 m from the toe, and 0.5m .
deep,) a high concentration of COD is found. No explanation for this anomaly has been

found.

The results of these tests have indeed yielded information about contaminant. distributions
within the unsaturated zone. In order to study migration of the contaminants, however, the
sampling exercise will have to be repeated at a later date.

Although this chapter does not relate directly to the role of covers in the water balance, it ndds
to evidence about the nature of moisture movement within landfills and the undetlying
unsaturated zone. It also demonstrates the degree of similarity in different parts of a landfill and

~ the validity of using fairly isolated samples in the prediction of landfill behaviour.

T ’

It is not eclear whether the nitrogen cempounds found in the sampla
orlginally oocurred as ammonia, nitrite, or nitrate. Dua to delays in
transport, gome time elapsed betwsen recovery and analysis of mamples, during
which tims ammonia and nitrites, may have been oxidised to form nitrates.
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' CONCLUSIONS AND RECOMMENDATIONS

World trends in the practice of landfilling municipal solid waste, and the design of landfill covers

have been reviewed, The water balance principle has also been reviewed. Methods of evaiuatin'g

each component of the water balance, (infiltration, evapotranspiration, the stnmge of Water in
B porous medm, and the movement of water in porous rnedla,) have been reviewed.

A field study of the water balance has been carried out on Lmbro Park Iandflll, situated in the
Wltwatersrand area, :

" Geotechnical and geohydrdlogical properties of the landfill have been determined. These
" measured properties, together with existing, popular methods for calculating water balance have
* beert used to estimate leachate production for the site. Moisture and co.taminant migration:
studies, as well as infiltration studies have been catried out on this site. The data gathered from
the field tests has been compared to theoretical predlehons. ' '

Moisture and contaminant xmgratlon within another landfill, situated near Cape ’lown, have also
been studied,

Conclusions drawn from each part of the study are summarised below. Recommendations for
further study in the field are put forward, ' -

1 CONCLUSIONS

- 11 Moisture and Contaminant Migration

Moisture and : utaminant migration within the landfill have been studied in soveral

ways. Firstly by monjtoring ground water quality (using boreholes situated around the’

landfill); secondly by analysing samples recovered from the landfill profile; and thirdly
by using psychremeters to monitor in situ suction in the cover and upper refuse layers,

These studies have shown the following:
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= The landfill appears not to be producing leachate at present.

» The _ﬁpncept of the landfill profile starting to drain only once field capacity has been -
reached, appears to be frlse. Moisture has been shown to move within the profile long

.. before ﬁ_eld capacity_ is reac_:hcd._

: . Given that moisture moves down the prn“"iﬁ ‘before field capaclty is reached and given

o the fact that the lower part of the landilt has been in place for about ﬁfteen years, the
landfill fias probably a]:eady reached mote or less steady state conditions. Tf the laudﬁli

is nnt producmg leachate now, it is likely that it never wﬂl produee leachate

L. Methano‘genesis appears to be oocui-ring Since the l'andﬁll'is”nbt pr‘oducing leachate,

this demonstrates that the minimisation of leachate does mot necessarily prevent_

decomposmon of the refuise and methane p"oductmn

. Contrar}' to methods popularly used to model mojsture movemant within landfi]]s one

dmle.nsmnal ﬂuw in a landfill is not dominant. Lateral flow has been found to be
important. It appears that the deposition and compaction of refuse in layers, as well as
_ the use of intermediate cover, and the presence of layers of plastic, gives rise to a series

" of "aquifers’ and ’aqulciudes’ which channel mmsture movement in the dn'ection of the -

slope of the original working face of the landfill,

* The popular concept that moisture can only be drawn out of a profile to a depth of -
about 300 mm is erroneous. The in- situ suction monitoring exercise has shown that -

'evgporation_ extends to depths of at least 1 m, The sampling exercise has shown that
evaporation may affect the entite profile, to a-depth of at least 15 m. '

* The idea that moisture cannot evaporate from the Iandfill cannot once it has passed
through the cap, (becanse pores in the refuse may be too large to allow water to be

drawn up by capillarity,} has been shown to be incorrect,

e The sticly of contaminant migration at Coastal Park landfill has added to the evidence

that lateral flow is important in landfills. This study also shown that conditions found in’

test holes spaced r“me distance from one another are sufficiently similar to validate the
use of fairly isolated sampling to predict the behaviour of a whole landfill,
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| Infiltration and Runoff

Infiltration into, and runoff from the surface of the landfill has been studied, A. series
of ring infiltrometer i_ests have heen carried out. A sprinkler infiltrometer has beén

- designed and built, Several sprinkler infiltrometer tests have been carried ont using this -

apparatus, The findings of these tests are summarised below.

s Infiltration into the landfill cap under ponded conditions is very high indeed. This has.
been attributed to the presence of settlement cracks in the cover. :

» The presence of cracks in the Jandill surface appears to have little effect on runoff
rates measured under conditions of light to moderate heavy rainfall, (It has bé.en shown:
that 90% of rainfall évent on the Witwatersrand fall into this category.) The 5CS
method, as adapted for South African conditions, was found to give good results for
runoff predictions for tl'us landfill. The data are, however too sparse to draw g‘_-_*:nnral

 conclusions about the accuracy of SCS unoff predictions for landfill surfaces.

I..eﬁ'chate Production Predicticzs

Calculations using simple gross water ba_.lﬁnce methods, as well as a populai_- landsill

evaluation computer pfngramme_ (HELP) were carried out. Predictions of leachate
production vary between 40 % of the mean annual precipitation to zero. Althongh

calculation methods underestimate the depth of the vaporative zone, and do not aitow

for lateral moisture flow, HELP’s predictions appear o agree with conditions found in

the field,

Numerous other methiods of computing water balanice, which may account for sume of

the short-comings mentioned above, exist, Time constraints, lack of data, and political

restrictions have precluded carrying out analyses using these methods.
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RECOMMENDATIONS

Geotechnical and Geohydrologlcal Properties

The relationship between suction, moisture content and hydraulic conductivity for refuse
is ill defined at present. Further testing to define these properties better would be
valiable. The anisotropy of refuse compacted in layers should also be considered, «
Better definition of thess properties would assist in computations of landfill water
halances, and co7d be used to carry out a water balance for the upper landfill layers on
the basis of data gathered from the in-situ suction monitoring exercise, '

Evapotranspivation

A comparizon between predictions of evapotranspiration computed to allow for vapour
movement, and the results of the field tests, would be useful,

- Infiltration

The infiltrometer tests have shown that more data concerning the following aspects

‘would be useful:

* An analysis of the intensity-depth-duration relationship for moderate to low rainfall -
events would be useful for rainfall simulation tests, and for runoff calculations.

# A comparison between the data measured during the sprinkler infiltrometer tests, and
predictions of infiltration made using Richard’s equation would be valuabls,

¢ More sprinkler infiltrometer tests, carried out on a number of landfill covers .~

different nature need to be done so that the accuracy of using SCS pry dictions for
computing runoff from landfill covers can be assessed more generally.
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. A more detailed study of interception losses would improve estimations of infiltration,

» Measuriig runoff during a number of natural rainfall events would be valuable, to see
how well the sprinkler infiltrometer performs in its simulations.

» A few tests measuring infiltration under very high intensity rainfall would be valuable

' 'Although- high intensity rainfalls, accur relatively infrequently, t'hey may account for a

large percentage of the annual precipitation, The effect of cracks in the landfill cover
may be more important at hlgher intensity rainfalls,

Molsture Moyvement

. - Comptiter programmes which simulate two dimensional flow, and so take account of wodl

anisotropy, could be used to model the water balance. A comparison between the

calculated results and data cbtained from the fielc_l would be useful,

Contaminant Migratinn

The sampling exercise of the toe of the Coastal Park landfill needs to be repeated in

order to draw conclusions about the movement of contaminants in the unsaturated zone.

There appears to be little point in coupling convective-dispersive equati..s (to describe

movement of contaminants within the landfill) to water balance calculations at this stage,

 since predictions of moisture migration are not yet accurate.

Cover Desfgn

It has been demonstrateu that given suitable climatic conditions, a simple soil cover may
be sufficient to eliminate leachate production. Tests on cover design In areas that have
wetter climates, should be carried out to establish the potential of covers to eliminate
leachate under less favourable climatic conditions. | |
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._.Landf_ill covers should not be sloped inwards to prevent runoff from the dump, in
accordanue with the Water Act of 1956. The runoff should be collected separately, and
checked for contamination before being discharged.

~ A study on the effect of slope on the erosion of landfill covers wotld be uégful.

Subsfahtial evidence to sﬁggest that landfill covers can eliminate leachate production, and so

. ‘obviate the need for landfill liners and leachate c'o]'leqtion and treatment systems has been

presented.

" Computer programme.s which are popularly used for evaluating the performance of covers in
the water balance could be substantially improved. Methods of calculation that might i 1mprove
the aceuracy of predictions. exist, but need to be tested and presented in a form which would - -
facilitate the evaluation of landfill covers for design purposes, Additional information on the
geotiydrological properties of refuse would aid in water balance calculations, o
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" APPENDIX A

DETERMINATION OF REFUSE MOISTURE CONTENT

The moisture content of refuse was determined by oven-drying & sample at 50°C for seven days.
The saniple attained a constant mass after seven days. '

" This procedure is used rather than drying at 100°C for 24 hours, (as is common practice for
 soils) to minimise the loss of volatile organics while diying the sample.

'Moisture contents are quoted as the ratio of mf_iés of water to mass of solids, (unless otherwise
stated,) ’ '
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APPENDIX B

EXTRACTION OF LIQUOR FOR CHEMICAL ANALYSIS

Extracts from soil and refuse samples, for chemical analysis were prepared as follows:

500 m{ of distﬂled water (at 18"(_‘.‘.). was added to 2 kg of refuse. The mixture was then vibrated
at a frequency of 50 Hz for 30 minutes. The supernatant liquor was then drained through a
coarse filter, into a clean bottle, This process was repeated twice,

The liguor thus extracted was then centrifuged at 9000 rpm for 10 minutes, to repove suspended
solids. It was then stored in the refrig_erﬁtur at 4°C until it was sent to Johannesburg's
Department of Health labaratories for chemical mlalyﬁs_. .

The extraction process used was developed by Hojem, 1988, It has been used as a standard for
- comparative evaluation of the pollution potential of refuse at the Coastal Park and Linbro Park

[

. sites, in subsequent years.

The results from the laboratory were given in mg/¢ of the liquid sent for analysis. To ensure
that comparisans were consistent, the results were converted to mg/kg of dry refuse.

The results of the chemical analyses for samples recovered from L_inbro Park, and Codstal Park
are giver in tables B1, B2, and B3, '

217



ARALYSIS OF SAMPLES FROW LINBRD PARK LANDFILL

{Results in mg/kg dry refuse}™®

{NOVEMBER 1990}

1055

™ 39

HOLE pH Conductivity DS )] Alkalinity  SD& NE& el NO3  Mater
mS/m. . Content
HC Om 7.6 a3 249 " 132 .153 5 205 32 il 1] 3
N 1n 7.9 s 203 54 32z - B 1 3% 3. 5 .0 19
SC Om 6.8 e 1465 33 [+ (19 z 2061 8 &4 -1 2
5 m 7.3 e 525 1923 507 . dark* 17e 399 188 o8 0 28
5 Zm | 8 266 1238 73 827 dark* 135 251 125 30 o 17
5 3m 7.3 e 1230 4523 1345 dark* 209 nr - 9s 329 Q. TH
5 4m . B 836 7208 373 14k dark® 320 14 1080 300 1] a7
S 5m l 7.5 S92 380 - 5108 T 692 . dark* 348 o o5

*ndarkn {rdicates that sample was too dark in colour to carry out analysis.
*= gxcept for pH, conductivity, and water content (sater content in X of dry msss)

“Tahle Bl

Results of Chemicsl Analyses of Extracts of Samples Recovered from Linbro Park Landfil!
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ANALYSIS OF SAMPLES FROM CORSTAL PARK LANDFIEL -

¢April 19903
{Results Tn mglkg dry refose) ’
HOLE pH Conductivity s con Alkalinfty S04 HH& cr K Ha HOZ Hater
ms/m i Content

alpha 2m B.1 187 2269 62 1320 22 ] 173 57 182 106 50
alpha 3m 8.1 252 1553 I35 471 dark & 309 - 20 o2 & 15
slpha 4m | 8.4 416 3341 -528 1557 8 145 L1 126 326 o 52
aslpha 5m 7.2 3831 4698 1332 1016 dark 20 1076 782 35 1] 139
alpha 6m 7.5 852 5285 2582 17 dark 9 2544 Sed 1035 1] 23
alpha 7m 7.8 318 2735 413 221 (270 0 530 273 e 121 '
beta 0~1mf 7.8 205 1841 93 108 B4 /] . 5 45 147 13
bets 1-2m| 7.5 763 &545 2084 dark dark dark dark dark”  dark dark 22
beta 2-Im| 8.3 445 3223 W95 b a5 1 806 L 300 1] 35
beta 3-4n 234 1851 L% T . 47T 116 .10 259 85 243 ) B
beta 4-5m| 7.6 535 3523 1157 488 dark 7 nz2 By 484 - 1] ir
beta 5-6m| 7.9 100 2027 76 54 " o 194 108 143 135 13
gema O-im| 7.9 129 B3 40 128 95 0 o8 51 65 40 7
gasa 1-2m| 8.1 219 1170 151 285 167 3 143 . B8 3 )
gama 3-4m| 7.8 &76 1658 526 548 &3 1 451 354 56 3 18
gama 4-5m| B.4 54 29056 0 539 91 3n 2 - -] 132 133 1 34
gams S-8mf  T.& £31 2913 54 &7 . 300 13 883 " - N7 i] 18
gong &-7m] 8.8 240 1318 818 547 dark & 192 183 19 &

*durk® indicates that sample was too dark in coloar to carry out wlysié .
** wycapt for pH, conductivity, and sater content {water content in % of dry mass)

Results of Chemical Analyses of Extract-

-

4

mples Recovered from Coastal Park Landdill
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. ARALYSIS OF SAMPLES FROM TOE OF COASTAL PARK LAWFILL _CAprily
(Renults in mo/kyg dry refusey™ - :

Hole pH Conductivity  TDS cop Atkalinity 504 NAG cl K ‘Ra - KO3 Water
- =5 fm ) ' . © Content
A 2m B.1 129 937 [34] 37 7o 1} 104 & a2 58 24
B Om 8.2 27 146 &0 34 & a 5 5 [ 8 7
B 0.5m 8.1 26 110 26 F1) 10 0 5 & 5 -] 5
B 1m 7.6 420 253 &0 59 15 a -] k11 T 10 &
B 1.5m a8 50 279 29 &7 22 1) 17 22 14 25 © 10
B &m 8.2 BO 556 . o9 27 36 1] 4 35 52 34 22
C Om 7.6 &2 Ki 48 &5 .1 1] hvs ] 13 1w i
C 0.5m 8.2 26 145 25 &7 & 1] 3 5 [ i0 7
CIm 8.2 35 268 32 B a8 . 4 8 2 4 7 5
€ 1.5m 8 56 298 37 B4 . N i] 25 14 25 24 10
€ 1.5m 7.8 T4 Fagd = 58 16 @ 16 10 13 13 w0
C2m 7.9 77 184 55 50 35 :] &4 105 £2 i 21
D O a &2 412 24 72 5 ¢} L] 8 13 32 -]
0 0.5m 8.1 [11 250 16 ) 13 i} A 7 13 1% &
p1 8.3 72 ERROR 16 39 13 1] 10 g 13 10 [
o 1.5m 8.1 EX| 169 37 £3 ) 21 0 1 8 9 7 10
D 2m 8.2 &2 [1.74 55 1l 35 a (13 £ 3 31 22
E Om 7.8 X 397 36 (74 g ] 10 [3 10 L] &
E 0.5m 7.9 38 248 39 43 9 0 8 5 9 17 5
E 1 8.4 ea 183 28 29 . 0 T & & & 1% 5
E Zm 7.5 Fil 458 27 /T 46 ] &7 28 35 33 22
¥ om 7.9 &2 463 49 28 27 0 14 12 13 &1 3
F 0.5m 8.2 42 269 12 5% 25 1] 7 10 i0 10 &
Fim 8.2 34 143 a3 B 7 o 7 13 9 7 ]
F 1.5a 7.9 35 &4 52 55 29 o 25 13 14 T 14
F 28 8.1 50 &90 35 FL3 - 53 0 [ - n 27 21
G 0= 7.9 &0 289 52 197 10 o 8 0w 10 i 7
G 0.5 8.1 - 240 28 49 1 [} - 10 8 15 7
G 0.5m 7.8 35 192 12 87 : 21 0 [ 10 9 8 7
G 3.5m 7.6 5% 335 28 &7 1 )] 13 12 12 30 T
61 ¥.5 36 "M % - 68 11 1] 9 14 10 9 [
& m 8.3 30 1M R - 45 44 0 5 8 5 10 '
|6 1.5m B.2 4 351 4B &0, 25 5 k] 23 24 8 L4
16 1.52 B.3 &0 3713 41 3 16 Q. 43 32 3 30 9
G 2m 8.2 50 416 55 46 40 0 43 24 30 20 21

ik excépt for pi, comductivity, and water coptent (water content in % of dry mass}

_ Table B3 _ _ -
Results of Chemical Analyses of Extracts of Samples Recovered from Tue of Coastal Park Landfill



AHALYSIS OF SAMPLES FROM TOE OF COASTAL PARK LAMDFILL  cont
{Results in mng/kg dry refusey®

Na ¥DZ . vater

Hote pi Conductivity  TDS coo Alkalinity S04  RH& . K
ms/m : Cartent

1 Gm 7.9 40 383 44 138 50 1] 9 [ 11 g [
H 0.5m 8.3 83 251 20 Th 19 ] 5 7 12 12 -5
Hlm 8.1 30 203 39 31 10 0. [ 6 > 14 &
H 1.5m 7.9 30 583 3 38 130 o 32 - 23 15 "
H 2m 7.9 &0 329 27 55 20 0 §1 16 30 11 22
1 Om B 37 226 © 36 28 39 a [ ¥ 8 2 5
1 B.5m 8.1 39 250 23 LT : 16 1] 5 5 Fi 10 %
1 1m. 8.3 a5 376 27 Jjoz 59 2 [ 6 7 -] [
I 1.5m 7.8 a3 502 &2 88 58 1] 150 16 18 23 12
1 2m 8.1 51 344 42 43 38 . 0 b 16 30 16 26
J 0m 7.9 25 443 28 100 4T . [ B 5 o & - © 24 5
4 D.5m 8.1 B 1 3 29 ) 3 |1 I 4 3 ] 8 3
J 1m 8 28 252 35 . &0 &3 [¢] & a8 5 ) 9 E
J 1.5m 7.7 80 541 &2 &6 99 0 13 -1t 16 34 i3
J Zm 8.2 57 386 32 53 55 0 30 " 24 16 3
T 1m B.1 53

T 1.5m 7.8 &4

T 2m 8.1 ar

#+ except for pH, conductivity, and weter content {water content in % of dry mass)

‘Fable B3 (continued)
Resuits of Chemical Analyses of Extrrzts of Samples Recovered from Linbre Park
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APPENDIX C

FIELD CAPACTIY TESTS

The volume of sainple available for field e 7acity tests was generally small. CBR moulds
(152 mm in diameter, and 152 mm deep) were used to contain the sample.

‘The moulds have a perforated base plat_e; A sheet of filter paper was placed over the
| perforations to prevent loss of .sOIi_ds. Refuse was then placed Joosely in the moulds, flooded, and
left to drain for 24 hours. During this period, the mould was covered to prevent.'evapqratinn.
The samples were then tested,

An Amsler loading machine was used to compress the samples, The water which was squeezed
out was collccted, and its ve‘lum.e measured at intervals during the loading, At these. pdints, the
height of the sample, and the applied load was also recorded, so that the stress and density
corresponding to a given field capacity could be computed. Care was ken to ensure that the
sample had mmpletely drained when the measurements were taken.

At the end of the test, the moisture content of the sample was deter:mned Moisture contents
- at field capacity, at differ-nt densities, were then caloulated, ' '

Exa.mples of results of the field capacity tests performed on samples recovered from the landfills, '
_are shown in figures C1i to C7.
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_A:PPEND’IX D

LABORATORY SUCTION TESTS

Immediately after the samples had been recuvéred,_they_wam rlaced in tlghtly sealed plastic
- bags, The bags were taken to the laboratory, where they were placo_ad in an insulated room, in
which the temperature is kept constant at 25°C, : '

A thermocouple psychrometer was inserted into each bag, and allowed to equilibrate for 24 hrs,

- The psychrameters were read, for 2 to 3 days in sucession. Repeatable results were usually
" obtained doring this period. - - -

A Wescor PR-55 control box was used to read the instrumients. A standard cool time and cool

current of 8mA was used, The control box was connected to an x-t recorder sa that the output
from each psychrometer could be analysed. -
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~ APPENDIX E

' CALIBRATION OF PSYCHROMETERS AND FILTER PAPER

i ~ PSYCHROMETERS

. When using psychrométefs to take suction me#surements ‘each psychrometer should, strictly.
. -speaking, be individually calibrated, at 2 number of suctions, for the partlclﬂar cool time and the
particalar cool current w' . . is to be used. '

© A calibratiow cutve for sach psychrometer, for one suétion, one cool time, and one cool current
is supplied by the manufacturer. The relationship between: 'vbltage output from the
psychrometer, and suction is nemly linear, (Wescor, 19%0.) It is therefore'possiblé fo calculate
suction over the entn‘e uperatmnal range of a psychrometer from & smgle point calitbration

point,

Strictly speaking, suction measurements should be corrected for t’emperi’a_tura ‘effects if the
measurements are made at'temparatures different to those at which the instruments were
 calibrated, These corrections, however, amount to a small percentage of the reading. (About
0.5% per °C)

The calibrations for individual psychrometers of the same design are similar. They have been
found in this project to be within 10% of one another. (This is based on the manufacturer’s
calibration.) '

To calibrate each individual psychrometer over a range of 5000 kPa is a time consuming and
tedious process, especially if a large numbér of psychrometers are to be used, A small calibration
exercise was carried out to ascertain whether it would be worthwhile calibrating each
psychrometer over a range of 5000 kPa, or whether using the average of the manufacturer’s
results would suffice. |
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" Some of the psychrometers used in this project had been used before. It was suspected that
some of these may have been contaminated or corroded. Even new psychrcimeters may become
contaminated during calibration by the manufacturer. Each psychrometer head was carefully
" cleaned before the calibration exercise, and before installation in the field.

© Corrosion products were removed by dipping the psychrometers alternatively in ammonium and -
distilled water. Oily contaminants were removed by dipping the psychrometers alternatwely into
 ucetone, ard chstxﬂed water. The psychrometers were examined under a nncrosoope to ensure

that they w.,  "an.

: The psychrometers were calibrated against solutions nf.sodium chloride. The suctions of sodium -
‘chloride solutmns ut various temperatures are quoted by Wescor, 1990, (as calculated by
Lang, 1967)

'I\Nb sets of measuremsnts wers made. Readings were repeated several times, Successive.
 readings matched closely. The readings were taken using a Wescor PR 55 control box. The box
was connected to an x-t voltage recorder, 1!. was found that thie psychrometer output could be
- more accurately interpreted by examining the graphical output, than by simply vsing the reading
recorded on the zontrol box. (The box takes a reading a set time after the cool current has
. passed through the psychrometer.) Care was taken to ensure that ’sh »rt’ readings did not exceed
2mV.

A variety of- different psychrometers was used in the first set of measurements, each
psychrometer being used to measiire the suction of a different solution. Suction was calenlated
from the voltage output of the psychromefers by using the average of the manufactirer’s
calibrations (of 15 psychrometers.)

The second set of measurements were taken using only one psychrometer. Suction was
calculated from the output from the psychrometer usmg the manufacturer’s calibration for that
partlcular psychrometer.

The calcu.lated values of the suction of the sodium chloride solutions were plotted against the

suctions calculated using the manufacturer’s calibration, (See figure E1,) The line of best fit for
the data has been drawn in. The line which represents a perfect correlation is also shown.
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The magnitude of error for the set of vacious psychrometers was foend to be 360 kPa; while the

magnitude of error for the single psychrometer was found to be 600 kPs. If the readings are .
' corrected according to the line of best fit, the errors are reduced to 320 kPg, and 520 kPa.
_ reépectively. At the upper end of the faﬁge of the psychrometers (5000 kPa) this represents an

- accuracy of 5% to 10%. At low suctioris (500 kPa); r=sults are accurate only to within 100%.

Sava'ge and Scholes, 1989, report that individually calibrated psychrometers give revuit‘s accurate
to wlthm 25 kPa, while, psyc.*rometers which are not individually calibrated give readings
accuirate to within 15%. In this exercise, however, no better accuracy was obtained asing a single
| psychrometer, than was obtained using & vatiety of psychrometers, and average calibration”

figures.

* On the basis of thesé results, the psychrometers were not calibrated over the entire suction
range for the fieid tests, but the manufacturer’s calibrations were used,

2z  FILTER PAPER

A calibration exercise for suction measurements uising filter paper was carried out. Strips of
Whatiman No 42 filter paper were used, The strips were 25 mm long and 5 mm wide. '

The strips were allowed to equilibrate with a series of salt solutions of different suctions, for &
period of a week. At the end of the week, their moisture contents were determined. Suctions
were calculated from the moisture contents, based on Savage’s calibration (Savage, 1991). Thesa
results were plotted against the calculated suctions of the salt solutions. The results are shown
in figure E2. A very poor correlation between measured and caleilated suction was obtained.

Strips of filter paper were also allowed to equilibrate with soil samples of given maisﬁlre o
contents, The samples were preparad in the laboratory. The soil was initially dried to a moisture
content of about 2 %. The moisturs content was thea adjusted for each sample, by adding water,
The samples were oumpaéted using stativ compaction. Samples of two different densities were
used. '
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" The moisture coritent of the filter paper was deiermined after a périod of equilibration of a

week. The moisture contents of the paper were plotted against the moisture contents of the soil
samples. The results are shown in figure H3, There is a poor correlation between the two
moisture contents, BT A g

‘Based on the results of this calibration e:xercis.a,”ili was decided that psychrometers should be
" . used for suction measurements in the field tests, -
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APPENDIX F

DOUBLE RING INFILTROMETER TESTS - METHOD ANJ; RESULTS

The dimensions of the infitrometer rings used are as follows: Outer ring: 1000 mm in diameter
Inner ring: 600 mm in diamster ' -

A la’boratofy test was carried out to ensure that one-dimenstonal infiltration could be achleved
using rings of these proportions,

A scale model of the rings was constructed and placed in a perspex tank full of soil, Water dyed
with potassium permanganate was used to #ilf the inner ring of the model, The outer ring was
filled with undyed watet, ' '

The model test showed that during the initlal stages of a double ring infiltrometer test (using
rings of these proportions,) lateral flow may be significant, but that during later stages of the
test, one dimensiona! inflitration from the inner ring, is achievex.

The early and Iater stages of the model test are illustrated in figures F1 and F2,

To perform the field tests, the rings were driven 10 mm to 20 mm into the geound, using a
hammer, The edges of the ring were then sealed with gypsum, The water levels In the two rings

were kept equal throughout the tests. The rings were covered to prevent evaporation,

Figures F3 to F8 show the resuits of the inflltrometer tests, carried out on four different sites,
The results have been summarised and discussed in Chapter 10.
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Figure F1
Infiltration During the Early stages of
The Double Ring Infiltrometer Mode! Test

Figure F2
Infiltraticn During the Later Stages of
The Double Ring Infiltrometer Model Test
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| APPENDIX G

' SIMULATED RAINFALL INTENSITY-DEPTH DISTRIBUTIONS

. Rahfaﬂmtensxty dmtnbutmns calculated fromi the SCS method, (a8 modlﬂed for South African
cundttlons) for storm depths of 5 mm, 10 mm, and-20 mm are shown in F:gures G1, G2, and -
GS \‘reepe.cttvely Superimposed on these distributions are the stepped ‘rain&ll intensity -
_ distributions used in the sprinkler infilttometer tesis Tables G1, G2, and Ga give the
_ oumbmatluns of sprmkler spacings, nozzles, flow rates, and pressures used in the ramfa]l -
| s:mulatmns ' : :
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Stﬁge 1 ‘Stage 2 S.t.age 3
I Duration 30 minutes 25 minutes 30 minutes
Tntensity “smmh 5 mm/h 3 mm/h
Main Nozzle " 1/8 inch " 11/64 Inch 1/8 inch
Spreader Nozzle _ 3/32 inch | _ -3/32 Inch ' 3/32 inch
Flow Rate 38 mijh 65mih 38 m/h
Pressure 250 kPa 300 kPa T 250kPa
 Spacing 18mx18 m Bmx18m Bmxibm
' Volume of Water 19m3 | 2.7 m:.a 1.9 m3
Table G1

Spacings, Flow Rates, Preséur’es, and Nozzles used for § mm deep Rainfall Simulation
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Spacings, Flow Rates, Pressures; and Nozzles used for 10 mm deep Rainfall Simulation

251

1 Stage 1 scﬁga' 2 Stage 3
Dutation 60 minutes | 25 minutes 60 minutes
Intansity 3 mm/b 10 mm/h 3 mm/h ~
Main Nozzle " 1/8 inch 11/64 inch 1/8 inch
Spreader Nozzle 3/32 inch "3/ inch 3/32 inch
| Flow Rate ' 38mi/h 65w Semi/h
- Pressure | 250 kPa 900 kPa | 25ﬁ kPa |
| Spacing B Bmx18m 9mx18 m 18n'1:'c.18:.m
Volume of Water 38m® 27m® 8w |
Table G2



Stag;a 1. ” St_ﬁge' 2 Stage 3 Stage.4 ) Stﬁge 5

Dﬂ.'ration . 70 miniutes 20 minutes | 25 minutes | 20 mi:;utes 70 minutes
“ntensity amm/h | Jmm/h _zh mm/h | Tmmh | Smm/h

[ Mein Nozzto 1/8inch | 11/64 inch | 11/64 inch | 11/64 inch | 1/8 inch
Sproader Nozzle | 3/32 inch | 3/32inch | 3/32inch | 3/32imch | 3/32 inch

[ Fow Rate 38mh | 6Smih | 65mih | 6smi/h | 38m/h
Prossurs | 250 kPa | 300kPa | 300kPa | 300kPa | 250 kPa
Spa;:ing 18m x 18m . _15mi: ian §m"x 9m. | '1551 ir 1.5.m 18m % 18m
Volume of s |22m® |2im® | |s2m® |4sme |
Water

* Table 63

Spacings, Flow Rates, Pressures, and Nozzles used for 20 mm deep Rainfall Sivaulation |

252




APPENDI_X H

EXAMPLE OF SPRINKLER TEST RESULTS

 An example of the results of irtigation tests, published by the South African Department of
Agriculture, is shown it figure H1. The effect of using different spacings; flow rates and

pressures is indicated.
 Figures H2 and H3, give a graphical representation of the distribution of irrigation achievéd'by'

 particular sprinkler, nozzls, flow rate, pressure, and spacing combinations. The distributions
shown correspond to applications of coefficients of uniformity of 84 % and 95 % respectively.
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SPRINKELAAR / SPRINKLERs SALEM 430/1770
TUIT /NOZZLE: Hoof Swart {5 om} + sekondfre tuit {4 mm)
Main Biack (5 mm) + spreader nozzle (4 mm)

TABEL VIET CL WAARDES VIR \YINDSTIL TOESTAKDE
TABLE WITH CL YALUES FOR NO WIND CONDITIONS
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Figure HI

' Example of Sprinkle: Test Results (Published by South African Department of Agriculture,
Directorate: Agricultural Epgineering and Water Supply.)
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Graplucal Repwsentatina of Distribution of Trrigation '
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- APPENDIX J

" PUMP PERFORMANCE CURVE

Thepump perfo_rmance curve for the portable pump used in the sprinkler infiltrometer tests is
shown in figuia J1, The curve shown is supplied by th~ manufacturer. '
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TOTAL HEAD {kPa)

100 F

o8 1 15 2% 30

QUANTITY [m¥/h)

Figure J1
Pump Pexformance Curye for Pump used in Rain Stmulations
(Pump SCH 4070; Robin EY20 motor)
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APPENDIX K

'RESULTS OF SPRINKLER INFILTROMETER TESTS

" 'The results of the sprinklet infiltrometer tests are shown in tables K1, K2, and K3, The results

" have been summarised and discussed in Chapter 10. It should be noted that the application rates

shown in the tables, are based on the measurements of the rain gauges. Water was pumpéd at
a rate designed to yield apphcaunn rates 25% to 30% hlgher iftan was recorded by the raint
gauges, Evaporative losses i+%ult in lower ‘effective’ irrigation rates.
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Plat 41 : slop £ 1.7% : . Degree af vegetation: 75%

- Starm 1 wiiy) = 1.5% $torm 2 ) wi) = X ] Storm 3 e ) wij=25%
Time Rainfall Rafinfall Runoff Runoff Time Ratnfall Rainfalt = Runoff Runoff Time  Rainfall Rainfatl Runoff Rurotf |
(hzs} Deptg {mm) Rate gmvh) Depth (me) Rate (mmshd| (Chrs) Depth (o) Rate {mush) Depth (mm) Rate (mm/h)| Chrs) Depth (mm) Rate (mm/h) Depth (mm) Rate (mm/h}
. . 0 +] ] o 00 o 0 0 L'} .
o 7] 2.1 .00 ) 1] O 2.1 ] ;g 1 a ) a 2.1 a- .00 |
-25 53 2.1 00 i) [ .25 53 2.% 0 .00 25 .33 2.1 0 S0}
5 1.05 2.1 . .00 .00 3 1.05 2.9 1] .00 ) - 1.08 2.1 ] .00
5 1.05 E Rils) 00 .75 - 1.58 - | B | .00 - 1.58 2.1 o +00
.92 2,52 3.5 .00 00 ) 1 2.1 2.1 o .00 L 2.1 - 241 L] 08
g2 2.52 2.1 .00 A0 1 2.1 T.4 .02 1.17 2.45 2 i . 00
1.17 3.05 2.1 .00 ©.0n 1.42 5.02 7.0 .02 1.17 . 2.46. 4.9 . o L0
1.42 3.57 2.1 .00 .00 1.57 354 2.4 A2 1.3% 3.24 &9 .21
T.42 3.57 L0 .00 .00 1.92 6,067 2.1 -2 1.5 &.007 5.9 -E1
Runoff = OX 2.17 6.59 2.1 : 02 1.5 4.07 14.0 .21
2.235 5,75 2.1 03 024 . 1.67 6.45 .l .21
Storm 1 W(TY = 14X 242 7.12 2.1 03 - 0D 1.92 945 14.0 .21
- : e K 9.95 5.9 .21
Time Rafnfall Rainfall Runoff Runaff Ruraff = A% 2.08 10.74 5.5 21
{hrs) DPepth {mm} Rate {mm/h) Depth (mm} Rate {mm/h} . 2.25 11.57 4.9 .21
0 a9 . A0 .00 | 2.25 11.57 2.1 it ]
4] 0 2.1 .00 Nl 2.28 11,63 2.1 .23 21
iy 5% 2.1 .00 i) 2.38 1.4 - 2.1 23 .20
.5 1.05 2.1 .0p .00 2.5 1.89 2.1 .2b .54
-3 1.05 3.5 i 242 11.93 2.1 .28 1.00
N 1.93 3.5 .02 .08 2.52 12.1% 2.9 3 (L]
.92 2.52 3.5 .03 06 2.6 1231 2.1 .3 .13
.92 2.52 2.1 08 . 2.73 12.58 2.1 32 08
1.05 2.79 2.1 04 31 2.92 12.98 2.1 33 A5
1.42 3.57 2.1 06 .05 3,22 13.51 | . 00
1.42 3.57 0 05 =00 3.52 14.05 2.1 35 .14
3.42 14.0% 2.1 35 00
Runoff = 1.74% : .
Runoff = 2.5%
Table K1

Results of Sprinkler Infiltrometer Tests - Plot 1
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Plot 2 Slope = 1.6% _ Degree of vegetation: 50%

storm 1 iy = 2% Storm 2 ) wii) = 2% Storm ¥ - : w(i) = 2.5%
Time Rainfatl Rainfell Ruroff Runoff Time Reinfati Rainfall - Runoff Runoff Tine Rafnfail Refnfell Ruoff - Runoff
) (h:;s) Deptg (mm) Rate -gm!h) Deptgn(lm) Rate (am/h)] (hrs) D‘:ptg {mm) Rate I('Imlfh)- Depﬂ'; {mm) Rete {nm/h (h:;s) pepth (mm) Rete (mm/b) Depth (mm) Sete (sam/h)]
. . 0 . A0 - "o .0 0 T
¢ o 2.1 .00 .00 | o 0 2.1 o a1 e 0. .0 0 ERROR
.25 53 2.1 .00 .00 .25 53 2.1 1] .00 .25 56 2.2 '] .00
.5 1.05 2.9 .0e .00 5 1.05 2.1 a L0 1 .5 T 13 2.3 | 00
S5 1.05 3.5 .00 .00 i3 1.98 2.1 n A0 0 TR 1.89 2.2 0 00
52 2.52 35 00 <00 1 z.1 2.1 -] 00 P | 2.25. 2.2 1] .00
02 2.52 2.1 R 0 1 -5 7.0 ] Aar G 1Ar 2.63 ‘2,2 ¢} 0f
- 17 3.05 2.1 .00 .0 ]t 5.02 7.0 ’ a1 117 2.63 5.3 0 .22
1.42 3.57 2.1 i .00 1.42 5.02 2.1 .ot 1.33 3.47 5.3 0 o2
1.42 3.57 . .00 K] 1.47 5.54 2.1 01 .01 1.5 &.37 5.3 /] 22
92 6.07 2.1 07 1.5 .37 8.2 U] .22
X Punoff = 0 .17 £.59 2.1 -0 1.67 5.77 3.2 0 22
' 2.25 &.76 2.1 0 1.85 T.00 - % ] .22
2.42 7.12 2.4 s 1.8 7.9 15.0 ¢ 22
242 7.12 . A2 .00 2ok 5.0 0 B2
: N S 12.19 15.0 22 .
Runoff = 3% 2.18 12.3% 15.0 .23 162
o ' 2.2 12.64 15.0 : 26 . 1.50
2.22 - 12.94 . 15.0 .28 1.00
2.23 13.09 15.0 .29 © 1.00
2.25 13.3¢ 15.0 33 2.00
2.25 13.39 2.3 33 2.00
2.27 13.43 23 .35 1.00
2.28 13.45 2.3 © .39 &.00
2.3 13.5 © 2.0 A2 1.50
2.32 13.55 2.3 b 2.00
2.53 13.57 2.3 A9 3.00
2.35 13.461 2.3 - ) 2.60.
2.37 13.66 2.3 57 2.00
2.38 13.68 2.3 .51 4.00
2.4 13.73 2.3 . B 1.530.
242 1377 2.3 .66 1.00
2.4% 13.79 2.3 .68 2.00
2,55 1384 2.3 .69 .50
2.47 13.88 2.3 g i)
-] 153.%1 2.3 .7 il
2.5 13,95 2.3 s I 50
2.52 14 2.3 .71 .o
NN 1436 C 23 13 13
2.08 14.8% 2.3 Th .05
.15 1541 2.3 oTh o
. 342 16.02 2.3 .75 B2
) 342 16.02 } .75 .00 -
Runoff = 4.7X

Table K2
Resalts of Sprinkler Infiltrometer Tests - Plot 2




Plot 3 Slope = 20.2% Degree of vegetatidn: Surnt

Storm 1 wii} = 1% Storm 2 w(i) = 1% . Storm 3 ) . wW(i) = 2.3%

Time  Rainfail Rainfall Runoff Runatf Time  Rainfell Rainfall Runoff Ruroff Time Ratnfall Reinfell - Runoff Runoff |
(h;s) Deptg {mmn). Rata grrwlh} Depth (mm) Rate (mm/h) (hEs) Deptg (em) Rate {mm/h} Bepﬂ';' ¢em) Rate (mm/h) (h;s) Daptg'(m} Rate (mm/fh) Beptg {mm) Rate (l;ﬂ!h) [
- - : . .00 : i .0 Cl

4] 1] 2.1 B0 .00 ; 1] o 2.1 a - .00 [ 0 a.7 o 08
.25 . x 2.1 .40 00 25 .53 2.1 . o L0 .25 .58 2.7 a .00
5 1.05 2.1 .o M) .3 1.05 2.1 1] o0 5o 1.35 2.0 g 00
- 1.05 35 .08 0 Py - 1.58 2.1 a 00 Y - 2.03 2.7 1} .00
92 2.52 35 00 .00 1 2.1 2.1 ¢ .00 1 2.7 2.7 a .on
22 2.52 2.1 =00 00 1 2.1 7.0 05 1.17 3.16 2.7 1] i
1.7 3.05 2.1 00 00 1.42 5.02 7.0 .04 147 3.8 6.3 03
1.42 3.57 2.1 .00 =00 1.42  5.02 2.1 - 0% 1.33 £.17 6.3 . .03
1.42 3.57 - .00 B0 1.5 5.19 2.1 02 04 1.5 5.26 6.3 L
) 1.67 5.54 2.1 81 - 1.3 5.2% 18.0 03

1.87 5.96 2.1 .01 1.53 N 8.0 - 03

X Ruroff =0 1.92 8.457 2.2. 01 1.67 8.3 " 180 11
217 6.59 2.1 <01 192 12.8 18.0 A1

2.42 7.12 2.1 03 01 1.92 2.4 C 63 .1l

2.42 7.2 - AL 2 13.3 6.3 A6 11

: 2.25 14.88 6.3 . A5

Ruwff = 4 2.25 14.B8 2.7 ' 15

2.33 15.6%9 2.7 .11 A5

2.5 15.55 2.7 L3

2.5 16.23 2.7 .03

16.9 2.7 03

3.2 170 2.7 14 J3

338 - V.%2 2.7 =15 A6

3.42 18.04 2.7 =15 .08

3.42 18.04 .0 15 0

Runoff = -
Table K3

Resalts of Sprinkler Infiltrometer Tests - Plot 3
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APPENDIX L

STRATIGRAPHIC PRC ILES OF SUCTION MONITORING HOLES

The pfofiles of the holes used to monitor suction in the cover and upper refuse layers of Linbro
Park landfill are shown in figures Li to L4, The positions of the psychromsters are also
indicated,
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Figure L1
Sratigraphic Profile of Suclion Monitoring Hole - Plot 1
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PSYCHROMETER

"PROFILE POSITIONS
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Stratigraphic Profile of Suction Monitoring Hole - Plot 2
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_ PSYCHROMETER
PROFILE POSITIONS
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Figure L3
Stratigraphic Profile of Suction Moaitoring Hole - Plot 3
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Stratigraphic Profile of Suction Monitoring Hole - *Contro¥ Plot
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