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ABSTRACT

The mc.ement o f  water through refuse in a sanitary landfill

produces a highly tox ic  By-product called leachate. The water 

balance, the soil cover properties and thleKness . the apmty of

the re f. ie  to  retain water, and the attenuation properties of the

soil lin t- ail a f fe c t the production and quality o f leachate,

HeteoroU:cal data has been measure-1 and applied to  various

water :-iance formulae, pro files have been sampled and analysed

through :.ie lan<3fi!t an<3 tfte unsaturatea zone and compared ta the

develops: theory, Finally two lined te s t cells have been

construc.id  on site  to  compare actual conditions to  predictions.

Results show a large un ce rta in ty  In accurate ly estimating

leachate production, But guidelines are given fo r  reducing the

un certa in? , They indicate th a t th ere  Is no t a downward 

percolatic-. o f water a t Linbro park and th a t moisture movement

wltnin i  landfill is seasonal.
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1. INTRODUCTION

1.1 The Problem under consideration :

For centuries man has disposed o f his unwanted waste fry Humping

I t  somewhere out o f the way, throwing i t  in the river or sea, or

Burying It. as man became more civilized and technologically

advanced, waste streams increased and the problem o f disposing

th a t waste grew. People have attem pted to  use the waste

B enefic ia lly  By landscaping, f i l l in g  unsightly excavations and

pits, or reclaiming wetlands. As l it t le  as 30 years ago schools

and sports duos were requesting the Johannesburg c ity  Council to

f i l l  areas with household refuse fo r  use as sports fields. In

fa c t some o f the City's f in e s t go lf courses and sports fields

have Been laid out over refuse fill.

In the 1960’s and 70’s environmental awareness Became a Key issue

In f i r s t  world countries. Problems o f waste disposal came under

scrutiny and researchers discovered that, even the local household

refuse "dump* could be a potent source o f groundwater pollution.

A highly contaminated liquid Known as "leachate" is formed By the

passage o f water through wastes, extracting pollutants by means

o f physical, chemical and Biological processes. This leachate

may eventually emerge from the base o f

the landfill In concentrations which can be up to  200 times more



and percolation into tne unsaturated zone beneath the landfill.

I t  Is considered th a t a t least 95/. o f  south Africa's was-.es are

presently deposited on landfills and unless tne cost o f operating

a la n d fill rises exponentially th is  s itua tion is unlikely to

change. I t  is thus important th a t there be an understanding' o f

ho* leachate Is generated, in what quantities and how to  control

1.8 Definition o f some fundamental terms :

Urban Wastes -  originate fro m  domestic ac tiv itie s , trading,

ind us tr ia l opera tions and li t te r in g  (Malan (25)), fo r the

purposes o f this report urban waste does not include sewzje and 

does not include any hazardous waste,

Sanitary Landfill -  as de fined by the USA Environmental

Protection Agency. An engineered method o f disposing wastes on 

land In a manner th a t pro tects the environment, by spreaffng the 

waste in th in layers, compacting I t  to  the smallest practicable 

volume and covering i t  with son a t the end o f eacn wort-ng day

Leachate -  is formed when water passes through dec:mposing 

refuse. It Is defined as a highly contaminated, aqueous solution



Intermediate products o f deeoreaositlon (Ball C<)), The system Is 

extremely complex containing loluble and insoluble, organic and

Inorganic, ionic and nonlonlc and ba cte rio log ica l con s titu en ts .

Biogas - is the landfill gas resulting from  the decomposition

reaction o f the refuse. its  main constituents are carbon dioxide 

and Methane but a t various stages in decomposition Nitrogen,

Hydrogen and Oxygen are giver o f f .  Trace quantities. (up to  

0.2Z), o f halogenated aromatic; have also been de te c ted

(F e tte nb erg e r (5)).

Water balance -  In any closed system the water entering into the

system win balance with the  water going ou t, plus the water 

reta ined in the system. r.ius the algebraic sum o f  the

clim ato logies! fa c to r s  o f  p re c ip ita t io n , e v a p o tra n s p ira tio n ,

surface ru n o ff , in f i l t r a t io n  and soil m oistu re s to rage wjk

balance. The water balance mocii is used to  determine the excess

water available fo r  leachate production in a landfill.

V/isaturated tone -  fo r  the purposes o f this report Is the soil

layer tha t lies between the tsse o f the refuse and the water

Attenuation s ite is 4 site which relies on the properties o f

the soil in the unsaturated zone to  purify or "cleanse" the

leachate as I t  percolates thrzugh, On reaching the groundwater



the less contaminated leachate will then be fu rth e r attenuated, 

d ilu ted and dispersed.

Containment s ite  is a s ite  which relies on a synthetic or

natural clay liner e f fe c t iv e ly  to  seal the leachate from  the

groundwater below. For th is reason leachate Mas to  be collected

ants ex tracted  from  the landfill and trea ted  elsewhere.

1.3 Preview o f worK undertaken

initia lly a review o f existing lite ra tu re  was undertaken to  find

out the status quo o f waste management research In the world and 

particularly in South A frica. The Investigation I* ’ involved

fie ld  and labora tory  work, Laboratory worK i welv the 

determination o f various properties o f soil and i, '•••" wastes, 

so th a t they could be applied to  the landfill in question. The

f ie ld  worK involved ga thering m eteorological data, obtaining

samples o f refuse and o f unsaturated zone soli fo r  analysis,and

constructing t e n  lysimeters to  obtain fie ld  evidence to  support

or a lte r the theory.

m e rep o rt begins w ith a lite ra tu re  review. This includes a 

background o f the th e o ry  o f water balance, lan d fill design

philosophies, and the chemistry o f leachate production.



regards water pollution. The philosophy behind the research Is

then set out In detail wltn a discussion o f the d iffe re n t

elements o f  experimentation, analysis, and the results thereo f.

Finally a summary Is given o f  the d iffe re n t resu lts, conclusions

are drawn, end recommendations given wicr, reference to  the design

o f a domestic wastes sanitary landfill.



To obtain a background and a p la tfo rm  on which to  continue

research, a review o f existing literature on the subject ■ o f solid

w astes, leachate ge ne ra tion  and fa c to r s  in fluencing I ts

generation, was conducted. An attem pt was made to  find out the

status quo o f research Into the fie ld  o f solid wastes.

s.l Trends in Solid waste Management overseas

In the UK as recently as 1970 (6> a report o f the "ad hoc group

on refuse disposal" sta ted th a t: '103 : Tipping refuse into water

has been frowned upon until very recently because i t  causes the

water to  tu rn  biacK and emit a fo u l.......odour...........  Enough

experimental work has now been done to  show th a t wet pits can be

reclaimed by refuse I f  the work Is care fu lly  planned and

supervised by a chemist While I t  appears tha t this group

recognised the fa c t th a t wet tipping may produce contamlm tei}

water they f e l t  th a t "contro lled" wet tipping was an acceptable

practice.

The UK has since recognised the problems o f contaminant migration

and have developed a "B est practicable Environmental op tion "

(BPEO) design philosophy (Knox <7 )). This philosophy combines

the best o f containment and attenuation approaches depending on



the d lf ft-e n t variables. The USA (B> wish to  re s tr ic t water 

Ingress t :  tne landfill as much aa possible and even aim to

prohibit taehate and gas condensate recircu la tion . Ita ly  (?)

prohie.'ti iazidflfls in so called "humid" areas (i.e. marshes and

flood pli.r.s), Austr.a t 10), France and Sweden tt2) ejj aim

to  minimi:; water Ingress to  the landfill. The Danish Code M3)

on the o-.ner hand sta tes th a t water MUST be able to  gain access

to  the waste to  fa c il ita te  degradation and landfill s ta b ility .

All the leachate must however be collected and trea ted  thus 

restric ting  the Danish design philosophy to  containment s ites

In the p m  a clay or brick quarry or p it was considered an Ideal

location f i r  a sanitary landfill, Austria ( ,0> 'does not permit a 

tina flH  t :  be sited In any depression In the ground. Italy

has a ifflllar philosophy. Heath and Lehr (14) have a more 

co n tro ve rt:! outiooK as they recommend attenuation as the only 

design priloaephy, and claim th a t "le akp ro o f* and 'secure*

containment sites are never "tea* proof" and "secure".

LageKvlst : f  Sweden (,s) has an extreme point o f view in wanting

to  _ ban 'andfliiing altogether. He sees I t  as a method to  buy

time until a final solution to  the problem o f waste disposal Is 

found, He claims th a t the emission o f  la n d fill gas is a

contribu tor to  the greenhouse e f fe c t ,  depletion o f the ozone

isyer ana the increase o f halogenated organlcs in the atmosphere.



The sanitary landfill has long passed the stage o f being Just the

town dump. I t  Is now considered to  be a biochemical and

microbiological reactor (15> which can be controlled by applying

or changing d iffe re n t conditions (m oisture, tem perature, oxygen

and catalysts). The outputs o f leachate and landfill gas can be

influenced and controlled to  a certain extent as shown by stegman

((G), cossu BeeKer Leuschner (W  and Wflfumten

Research ana new developments Into landfills  are taking place

very rapidly. overseas research appears to  be focused mainly on

la n d f il l gas, m ethods o f  enhancing gas production and 

sophisticated methods o f  trea ting leachate. The d iffe ring , and 

what sometimes appear to  be opposing, codes o f practice produced

by d iffe re n t countries are ail the result o f  years o f research

end logical deduction, m e  differences Indicate the wide range

o f uncertainty In the f ie ld  o f Solid Wastes, and from  tha t

uncertainty a philosophy must be found to  minimise environmental

pollution o f the land,

2.2 solid Waste Management in South Africa.

" I t has become quite apparent th a t the fu tu re  o f hazardous waste

contro l Is more towards reduction and avoidance than towards

hazardous waste management and . con tro l" (dc Bruin (20)), to

avoid producing wastes would be a to ta l, bu t impossible solution.

The centra! theme to  the statement however, 1$ the reduction o f



south A frica '* present population la almost 36,5 million and

could double within the next 30 years (Malan 121). I t  has been

estimated (Lawrence (2,1) th a t by the year 2000 the urbanised 

population In South Africa would have risen fro c  its  present 88X 

to  @0% o f the to ta l population. Add to  this :.ie urban population

growth o f 9 to  10Z per annum (Verrfer <seh  and one can see the

rapidly expanding problem local au thorities have fo r  the disposal

o f urban wastes. The intended promulgation c f section 12(2)(a) 

o f the Environmental Conservation Act (Act IOC o f  1982) is a

great stride towards the protection o f our renurees,

Hettingh t 23) quotes some s ta tis tic s  o f axlstng South African

landfills. 47,6% showed no evidence o f surf ac* water pollution,

10,4% Indicated a possibility and 38,4% displays* clear evidence. 

He did not quote s ta tis tics  fo r  groundwater b'n the problem o f

surface water pollution indicates Immediately the sad s ta te  o f

South A frica '* landfills. oe Bruin <**> gives a summary o f

curren t waste disposal p ractice* in South Africa which has been

reproduced In table 2.1.





the CSIR'8 Foundation fo r  Research and Development has

,,reduced a se t o f  d ra ft  guidelines " fo r  the e ffe c t iv e  disposal 

and control o f  waste" (2e)- These are closely linked to  the 

Environmental Conservation Act. Ball and Blight (29) Indicate

th a t a South African waste disposal philosophy will draw from  

both containment end Attenuation philosophies depending on the 

d iffe re n t conditions Involved. For example, the water surplus

areas would concentrate more on a containment design while the 

water de fic it areas would be b e tte r  suited to  attenua tion .

However th a t is no t . a hard and fa s t rule and a thorough

understanding o f  the fa c to rs  and mechanisms involved Is required 

fo r a decision as to  the type o f design required,

8.3 Properties and behaviour or refuse

2.3.1 Re: use Composition

Of the to ta l waste stream In South Africa, municipal solid wastes

make up ex or ia million tons, the remainder being primarily

mining wastes, end a smaller percentage o f chemical and 

Industria l wastes C26),

The actual composition o f municipal waste la variable, and 

depends on soclo economic fa c to rs ,  geographical s itua tion ,

season, and cultu ra l background, Attempts have been made to  

determine the breakdown Into various component percentages as





IS
2.3,2 Refuse decomposition

Decomposition occurs witn ail but tne most inert wastes. t is a 

complex process Involving physical, chemical anJ rio iog ica l

reactions Interacting simultaneously to  produce leachate, ;ss and 

altered wastes. The physical process re su lts  from  f  assures

exerted on the wastes and the physical leaching o f maters! ; from 

the waste to  change i ts  physical cha rac te ris tics  (s:ch as 

s tre n g th ) . The chemical process Involves redox reactions, 

precip itation and adsorp tion /desorp tion  reactions and eat taKe 

place throughout the life  o f the f i l l .  The major mecharum fo r

decomposition is however biological (Ham t32)).

The three major phases o f biological decomposition an ; the  

aerobic phase, the acid anaerobic (or faculta tive) phase, md the

methanogenic anaerobic phase (Ham and Bariaz <33>).

Aerobic decomposition is characterised by the presence or oxygen,

i t  is usually .very rapid and produces heat (50°C to  7C: C) and

carbon dioxide.

The facultative or acid phase can exist with oxygen but metes use

o f other e lectron acceptors in its  absence. Less n a t  is

produced than in the aerobic phase and a large amount o f organic

adds are produced (smelly phase).



Methanogenlc anaerobic org iilsm s require a very toe redox 

potentia l and no oxygen. Heat Is maintained a t acid phase 

levels, reactions are slow and carbon dioxide and methane are 

produced. The methanogenlc bacteria are separated in to  3 broad 

classifications according to  the temperature range In which they 

th rive (Moss ( " ) )  i.e, psythropftiles (12eC to  16°C), raesophltes 

(28®c to  40°C) and thermopiles (55°c to  60°C).

A number o f experiments have been conducted to  increase rates o f 

refuse decomposition and ;as generation, and to  a lte r  the 

com position and to x ic ity  o f leachate. BecKer shows

conversions during acid pnese degradation in Fig 2.1.

Hydrolysis.

BIOPOLYMER (carbohydrate, protein , f a t ) .

MONOMER (agar. amino acids, fa tty  acids)

AcicSficstion.

VOLATILE FATTY ACIDS (ethanol)

Acetogenesis.

acetate, (carbon dioxide, hydrogen)

Methanogenesls.

METHANE + CARBON DIOXIDE

BecKer sta tes th a t the acidification phase produces the most 

toxic leachate and so this shase must be reduced. This can be



e) Including less reactive  wastes icompost sludge etc.)

p) Precomposting waste (quIcK decaying materials disappear as

carbon dioxide Into the air),

c) Decreasing volatile f a t t y  acid concentrations by

Leuschner t ' 5) found th a t mesophllle temperatures (S76C) were 

optimal and th a t recycled leachate could be buffered to  Increase 

the pH o f the fill.

Stegman and Spendlln and Doedens and Landwehr t 34) recommend

using a precomposted bottom  layer o f refuse to  speed up the acid 

phase . degeneration and reduce the toxicity o f the leachate.

Ham C32) shows th e o re tic a l degradation curves which are 

reproduced In Fig 2.2.

2.3 .3  Leachate

Leachate Is one o f the products o f the decomposition process and 

I ts  properties depend largely on the properties o f the waste

through which I t  has percolated. Generally speaKIng leachate can

ide n tify  with the acid phase decomposition (low pH, high COD) or

with the methanogenlc phase (high pH, low COD).



FIGURE 2 2 THEORETICAL DEGRADATION CURVES
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In terpre tation a f  reported leachate data must be dors with

extreme caution <95>, Leachate composition reported  .1 the

lite ra ture  la diverse. Among the factors th a t contribute :o the

variability o f data are

a) Time since deposition o f the waste.

b) The moisture regimen -  volume, Intensity, distribution and

direction o f flow .

c) The waste characteristics

d) Temperature

e) Sampling and analytical measurements.

An analysis o f about 63 lanofllls by 

(3T), Knox (38) and Cheremlslnoff ai

"typical" averaged leachate as shown



Depending en tfte

harmful.



land fill and appear in the leachate in the same quantities as

originally disposed. (Ham ( 38>).

Connell (40] re fe rs  to a branch o f chemical analysis known as

'ecotexicoiogy" which provides measures o f th e  response o f

chemicals and organisms to changes in the environment. i t  la too

vast to  consider. In the context o f this study but we can consider

the fa c to r o f mobility o f  pollutants in the context o f leachate

migration. , .tensen r t  al (41) summarises as follows:

a) very mobile pollutants -  c i, conductivity, to ta l solids and

b) Moderately mobile -  Ha, NH4 , K, Mg, Fe.

c) partly mobile -  Fe and Mn

d) Very restricted -  Zn and Cd.

Fatty  acids are mobile In the aerobic phase but retarded In the

anaerobic phase.

Roulier (47) supports him, Indicating contaminant mobility as

Cl > _Na > COD > Mg > NH4 > K > Si > Fe and fo r metals Hg, Cr, Se

> Cd, as, Zn > cu, PP.

Ellis (43) describes potassium (K) as a convenient parameter fo r

tracing leachate, but according to  Christensen and Roulier I t  may

no t be • mobile enough.

The quantity o f leachate depends on the sources o f water In the 

landfill. This can Include the Inherent moisture In the refuse



at placement, the water produced as a product o f » chemical or 

m icrobiological reaction  within the wastes, con c tn s ite  from  

landfill gases, groundwater in fi ltra t io n  through the :ase due to  

a rise in the ground water table and surface we:er In filtra tion 

through the cap due to  rainfall and run on (Naylor «t al (44)).

2.4 Water Balance i

water th a t in fi ltra te s  the top layer o f a land' il and then 

percolates through the waste becomes contaminates and forms 

leachate. In addition to  becoming a toxic by-proruct o f  the 

landfill, water will e f fe c t  the  ra te  o f decempos :len o f the 

w aite , gas emissions, and ra te  o f se ttlem en t. i t  is thus 

Important fo r  the landfill designer and operator to  Know exactly 

where ail the water th a t arrives a t the landfill, e/entually enda

on a Global scale the d iffe re n t elements ■ o f  ana'rils fo r  the
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In general precip itation provides the largest component o f  the

water balance end evapotranspiration the  second largest. For a

s ite  specific purpose such as sanitary landfill the Meso scale o f

analysis ap p lie s ,

O' Leary and Tansel N*), Fenn e t al W7), and Ham (32> use e 

simplified model where P = R/0 + ET + Perc -  AST (eqn a.1)

P s p re c ip ita t io n  

8 /0  s Run o f f  

ET $ evapo transplratlon 

Perc = percolation

AST :  change In soil moisture storage.





AQUIFER

FIGURE 2,5 Detailed water balance In a sanitary landfill
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ZA'''

l  s leachate 

V = losses due to  runoff 

6 s retention by the waste.

measured In g water per Kg waste

B can be between 0 and eog/Kg/annum depending on the biological

a c tiv ity  a t the time. G<st,sg/xg/annum.

Naylor a t al (44) has a similar equation fo r  which the water

balance Is shown In Fig fi.5, and shows percolation below the base

o f  the f i l l  (i.e. leachate) as,

Pe (m3 /'annum) = (P-Ep)xA( la n d fm ) + RxA(ron in) ♦ 

(Ld-(E d*A (iagoon))) ♦ AS

where: Ep = actual evapotransplratlon

Ld * ra te  o f liquid disposal Into the landfill (ms/a)

Eg = actual evaporation from  liquid disposal. 

as  s change In moisture storage In the  landfill and its

Welmer (49) relates the water balance In percentages fo r an area

where the precipitation is 720 mm/annum.



PretipTtation ( IDO'Z)

Runoff (38%) Evapotranspiration (63%)

Surface (£ 1X) Ground (17%) Transpiration Evaporation

1347.) (28%)

Veimer carries on to  s ta te  th a t in Hessen, Germany, two

meteorok-gical sta tions s itua te d  20 Km apart, were analysed.

Because o f the change in topography the one station received itoo

mm o f rainfall per annum, o f which 55% Became leachate, and the

other cation  received 550mm o f rainfall per annum, o f which 6X

Became leachate.

Keenan (50) shows figu res  ind icating th a t lan d fills  receiving

greater than 750mm o f rainfall per annum will eventually produce

leachate while and regions receiving less than 325 mm are llHely

never :o , produce leachate. Saxton (51) supports weimer and

Keenan in sta ting th a t, fo r  1 climates where annual rainfa ll Is

less th a t 400mm, v ir tu a lly  all p re c ip ita tio n  re tu rn s  to  the

atmosphe-e by evapotranspiratlon.

South Africa has widely d iffe r in g  microclimates, from  less than

125mm annual p rec ip ita tion  and 3000 mm annual fre e  water 

evaporatco on the arid west coast, to  over 1 000 mm annual

preclpita-. sn and a minimum o f I 150 mm evaporation on the East



Coast (Lund <52>). ' Only 10X o f the land mass Is likely to

receive greater than 750 mm o f ralnf*:i per annum. Figure 2.6,

snows the areas o f water surplus ane water d e fic it In soutn

Africa as described by Brink t53>.

A3

B N  mm*

FIGURE 2.6 Woler surplus wees of Seuhwn Alrlco lex. Brink 13 i

I t  is necessary to  understand the shcrtcomlngs in calculating 

measuring tne d iffe re n t elements in the water Balance equation 

each win be discussed separately.
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2.4,1 P re c ip ita tio n

Precipitation la the Baalc source o f water and can Include rain,

hall, sleet and snow. This Is usually the resu lt o f  the

condensation o f atmospheric water vapour which occurs a t the dew 

point (I.e. temperature a t the point o f  saturation).

as an example, a re lative humidity o f  100% (I.e. saturation) will

occur with 17,31 g water/m3 o f air a t 20 "c , and only 4,65g

water/m3 o f air a t 0 °C. (Ref: 6ray (54>)-

Moisture laden air moving up a mountain slope cools by expansion 

and causes "orographic" precipitation, Similarly moist air near

the ground surface Is heated by the sun, rises by convection,

cools a t the higher level and causes "convective* precipitation. 

Inblowlng winds towards areas o f low barometric pressure or 

fro n ts  cause "cyclonic" or " f ro n ta l*  prec ip ita tion . The th ree 

precipitation mechanisms are shown In Figure 2.7.

HEIGHT CONVECTIVE

J  x T  rpONTAL 
SUftFACE 

/ COLD Am

m im  2. 7 Prfcipllolh'i MechoNsms



in tne consideration 

im portant to  note tn 

approaehlng mountains

f  a la fld ffii site  I 

mechanisms o f rainfall. 

a normal direction

or example winds 

deposit rain on

the windward slope leaving the leeward slope comparatively dry. 

Generally the ra in fa ll characteristics o f a region depend on :

a) distance from  source o f moisture supply

b) prevailing wind movements 

■e) a lt i tu d e

d) location with respect to  mountain ranges

e) location with respect to  paths o f  cyclonic storms.

Tfte measurement o f  ra in fa ll (using a standard rain gauge) Is 

perhaps the easiest o f  all the elements In the water balance

although there are always inaccuracies in the measurement. Hills 

or fo re s t clearings a f fe c t  the quantity o f  ra in fa ll In the 

specific area while splash (In and out), wind and tu rb u le n t 

eddies will a f fe c t  the interception. The British Meteorological 

Office specifies th a t the rim o f the gauge should be one fo o t 

above the ground (Penman (55)).

I f  ra in fa ll figures from  a 

used, they must be used wl

irlth  a s ite -spec ific  gauge.

nearby meteorological s ta tio n  are 

i caution, and I f  possible, correlated



2.4.2 Evaporation, Transplratlcn end Evapotran iD lratlon

Evaporation Is perhaps the mc»t d if f ic u lt  element o f the water

balance to  measure or caleula'.s. in fa c t Olivier (56) writes "It

cannot be stressed strongly enough th a t no formula, complex or

otherwise, can ever provide i  'push bu tto n  solution" to  the

problem o f determining evaporation."

The fundamental theory o f evaporation la usually accredited to

Dalton (1802). He sta ted  th i :  evaporation ra te s  are proportional

to  the d iffe rence between t-.e vapour pressure a t the water

surface (ew) and the actual vapour pressure In the air ju s t

above the surface (ea). Or In equation form :

Evaporation E = c ( ew -  ea )

However there are a number o f  main fa c to rs  which a f fe c t

e v a p o ra t io n :

a) Temperature -  the vapour pressure o f a body o f water

increases as th e  temperature increases, causing evaporation.

Plotting mean figures a t Llnbr» park from 1976 to  1968, figure

(2,8), shows th a t evaporation li greater on a warming cycle than

a cooling cycle a t the same temperature.





b v.

end atmosphere. i t  was found by Rohwer, Lee and Adams (Chow

(3°)) th a t the evaporation rate decreases as the specific gravity

o f the solution (i.e. th e  solute concentration) increases.

e) Nature and shape, and colour o f surface -  Vapour pressure fo r

a body o f water with a convex surface is greater than th a t with a

f l a t  surface which Is greater than tha t with a concave surface 

under the same conditions (Chow (9?)). However, these differences

are only Important fo r  radii o f  curvature o f  micron size.

Evaporation from blacK painted pans was found to  between 10 and

25% more than from white painted pans (HouK <5a>), because o f  the 

difference in heat absorption o f the two surfaces.

The measurement o f evaporation and transpiration la not a simple

tasx and I t  is recommended th a t from the 10 or more standard

evaporation pans available (Chow (5T> and HouK t5®)) the most 

popular one I.e., the US weather Bureau Class A land pan (4 fe e t

In diameter, 10 inches high set on a timber grillage with base 6 

Inches above ground) be used. This Is a standard pan used by the 

South African Weather Bureau and I t  msKes comparisons o f various 

measurements th a t much simpler, There are problems In 

measurement such as rain e ffe c ts , splash (from  wind, hall or

rain), surging in flo a tin g  pans, absorption o f solar radiation,

and d iffe r in g  materials and colours. conversion coe ffic ien ts  

have been developed to  equate pan evaporation to  lake or

reservo ir evaporation. Schulz (59) has equated Class A pan

c o e ffic ie n ts  In eight d if fe r e n t  areas to  ge t an average



coe ffic ien t o f 0,73 (I.e. Actual evaporation s a ,73 x pan

evaporation). Gray (5<) stucied 18 d iffe re n t Clasa a pans to  get

an average coeffic ien t o f 0,70.

Evapotranaplratlon whlcn includes the e f fe c t  o f  transpiration by

plants can be measured in a lyslmeter containing sample crops and

measuring input and output (by weighing) or by measurement o f

soil moisture changes us;ng: neutron probes, tenslom eters or

res is tance blocks.

A number o f  prediction formulae have been used to  calculate

potential evaporation or evapotranspratlon. Linsley and

Franzinl estim ate p o te n tia l evapotranap lra tlon from  a

vegetated soil surface to  be equivalent to  fre e  water

evaporation. This is supported by Rovers and Farquhar who

maintain th a t evapotransplrstien can resu lt In losses equal to

evaporation from  a free water surface.

Table 2.4 shews s few selected evaporation equations and Fig 2,9

shows their correlation with measured evapotranaplratlon.

Considering evaporation from bare soil is, or may be, very

d iffe re n t I f  the soil Is unsaturated. Evaporation a t a soil

surface sets up a suction gradient which tends to  move water to

the surface. As the sell dries the suction o f  the soli

Increases. For coarse greired soils the e f fe c t o f  evaporation on

a re lative ly dry soil does not penetrate as deep as fo r fine



0,7*Pon evaporation

"Am

FIGURE 2,9 Comparison of measured overa?' dally potential evopotransplrotlon with computed 
vahiee uslnq va-ioue equations < ex Schulz 159))



Pollution Control Board t W  considers th/>t evaporation from bare

soil to  a depth o f 203 mm (8 Inches) Is maximum, wnteh la backed

up by Rovers and Farquhsr l 69X Fenr, e t al C<7) confirm this

figure (200mm) and add tha t evaporation from bare soil is roughly

equal to  ha lf the precip itation fo r  heavv soils and 307. of

prec ip itation fo r  sandy son.

Wheater and Sherrat (69) show th a t a plot o f moisture content

• versus time a t a given layer in the soil can indicate the onset

o f evaporation Fig (2.10)

Results baaed on th is  method show reduced estimates o f

evaporation and Increased estimates o f percolation, as compared

to  fie ld  capacity estimates, by between 88 end 50%. The field

capacity estim ate assumes th a t percolation will cease a t fie ld

capacity and any fu r th e r  reduction In moisture w ill be



NAME OF EQUATION EQUATION

Lowy -  Johnson E {acre fee t/acre) -  o ,8  + 0 , 156 Ip

Tlwthwtite E (cm/month) S 1 ,62 ( 10T/I)®

Blnney -  CrKMie ‘ E (Inch/month)

Jenson -  Halse E (mm/day) a CO, HT -  0 , 37 )Rg

Turc E (mm/annum) s P / (0 ,9  + (P /U *  ) ° .5

Blaney -  Morin E (inch/month) = Ktp ( 1 14 -  h)

Hamon E (inch/annum) = PsCD

Penman E (mm/day) = f  (4CRs (« - r ) ( 0 ,2 2  + 

0 ,55 n /N ))-(O T 4< (0 ,5 6 -  

0,09ed0 l 5 ) ( o , lto ,9n /N ))-t 

(0 ,1 7 5  + o .o o a s u j) (e0-

ed ) ) / t A  * y )

Christiansen E (mm/day) = 0 ,4 7 3  Rs Ct  Cft Cw C$ C6 Cm

Llnsley *  Franzlrti E = o ,T  x cla s "A" pan evaporation

where: E : Potentia l eva po tran ip lre tlon

lF :  stm ax(dany)/IOoo fo r  t max > 32 *?

t  s temperature (°F)

T s mean dally temperature (°C)

I « (Tm een/s)1' 514

a = 6,75 Xt0”9 |3 -7,71x10-7 |2 + 0,01792 I + 0,49239



i

i  a crop constant 

= E tp / , 00

s monthly percentage o f daytime nsurs In the year

s solar radiation at the top o f  :«e atmosphere (mm/d) 

s rrisc ip lta tion  (mm/annum)

= 300 V 257 *0,057a

s mean monthly relative humidity (X)

s o,55 r i ' in /g  year (

s poss,."; suntitlno 'hours in 12 -our unite

Slope o f  the sa tu ra ted  rapour pressure vs,

temperature curve a t t a

psychometric constant s 0,49 r.mHg/0*

s Albedo

:  Ratio o f  Bright sunshine to  s-.nshfne

Stefan-Boltzman constant s 2|C‘* I0 -9 mmHg/d 

s Absolute mean dally air tempenture (K)

:  Mean wind velocity at ametres (miles/hour)

,= saturated vapour pressure at aev point

s Saturated vapour pressure (a t t a (mm Kg)

S 0,393 + 0,5592(7/20) + 0,1722(7/20):

s , 0,700 t  0,3276(W/95,56) -  0,536(W/98,56)8

* Wind speed (km/day)

s 1,25 -  0,34fl(H/40) + 0,12(H/<0)2 -0,0216(11/40)*

s Mean relative humidity measured a t noon (X)

= 0,542 + 0,64(8/60) -  0,4992(5/60)3 + 0,3l74(S/00)3



ce :  0,97 + 0PQ3(E/I000)

E :  Elevation above mean aea level (fee t)

Cm s Monthly vegetative coe ffic ien t

2.4.3 R unoff

Surface run o ff depends on meny fa c to rs  Including intensity and

du ra tio n  o f s to rm , an tena tier-t soil m o is tu re  conditions, 

permeability and in fli [ra tio  ’  capacity o f the soli, the surface

slope, amount and ..'cu o f vegetative cover and drainage

c h a r a c te r is t ic s .

The oldest o f the ru n n ff estimation equations is the Rational

Formula which Is recontisendefl fo r very small watersheds o f up ts

100 acres (Schulz (59),,

Runoff Q ima/s )  = 0,27t! CIA

where: c = ru n o ff ra tio  = run o ff/ra iM s tl

I s ra in fa ll in tensity (mm/h)

A = watershed area (hmR)

For evaluation o f the water balance in leachate production . the

actual ' flow  Is unimportant and the runoff ratio  C will give an

estimate o f to ta l quantity o f run o ff In mm. values o f c as r./en

by Fenn e t ai (4T) and Robinson (64) are shown in Table 2.5.



Grass - sandy s

Alte rnatl.s iy a method o f estim ating run o ff while taking Into 

account sail condition a t d if fe re n t times was developed By the 

United states Soil Conservation Service o f America (SCS) and Is

describee by Wanlelista and Noble The SCS analysed

over 3C30 soil types and divided them into four hydrologic groups 

depending on the ir , drainage characteristics and ru n o ff potential.

Three eiteoedent soli moisture conditions are described from dry 

to  wet and e number o f curve numbers were developed fo r d iffe ren t

land usts. Soil moisture and excess rainfa ll available fo r runoff 

can th e i be calculated, Tne process is described In detail In 

Appendix A.



8.4.* in f i l t r a t io n  and percolation

in filtra t io n  is th a t part o f  the hycroiogic cycle tha t transports

precip itation In to the ground. Percolation will only occur I f  the

receiving soils are saturated (W anieliita (65)).

The depth o f water which can be stored is estimated by

V = n (1 - S )D V = dep:h o f soil water storage

n = porosity

S = fraction o f average saturation

0 = depth to  groundwater.

Tong and Warkentin (66) re fe r to  the outflow principle where a

diffe rence in te x tures o f 8 d iffe re n t layers is large then soil

suction will con tro l movement. Thus water In filtra tin g  a clay

which meets a gravel layer will stop until zero suction occurs

(i.e. saturation) before moving Into the coarse grained layer.

Goode (G?) supports the theory In his paper on selecting soil

covers fo r  the so called "wick e ffe c t* . No literature has been

found By the  author to  back this up in . a son/waste boundary

condition, but I t  Is assumed to  be valid when considering the

municipal waste grain size d istribu tion shown In Figure 3.to.



2.4.4 In f i lt ra t io n  and percolation

In filtra tio n  la th a t pa rt o f  the  hycroiogic cycle tn a t transports

precipitation in to the ground, percolation win only occur I f  the 

receiving soils are saturated (Wanlellsta (65)).

The depth o f water which can be stored Is estimated by

V s n H -  S V s  depth o f soil water storage

n :  porosity

S = fr io tlo ii o f average saturation

D = dep'.n to  groundwater.

Yong and Warkentln *66> re fe r to  the outflow principle where a

difference in te x tures o f 2 d iffe re n t layers Is large then soil

suction will con tro l movement. Thus water In filtra tin g  a clay 

which meets a gravel layer will stop un til zero suction occurs 

(I.e. saturation) before moving In to the coarse grained layer.

Goode (67) supports the theory In his paper on selecting soil 

covers fo r  the so called "wick e ffe c t". No lite ra tu re  has been 

found by the author to back this up In . a soll/wasto boundary 

condition, but I t  is assumed to  be valid when considering the

municipal waste grain size distribu tion shown In Figure 3.10.



Percolation Is the In filtra tion  th a t taxes place a fte r  the soli

or refuse reaches Its fie ld capacity, Field capacity is defined

as tne maximum moisture content which a soil or refuse can retain

In a gravitational fie ld . Fungarotl C68? sta tes th a t the field

capacity o f refuse changes during I ts  l i fe  cycle and also

increases as the size distribution decreases.

Rovers and furquhar <6*) quote refuse moisture retention figures

o f 5(% (England m t ) ,  57'/. (England m -D  and 54% (Virginia USA

1970). Their own figure o f 3!4Xg/m3 equals 70% (Canada 1973).

Young and Barber t69> quote a figure o f  i5X to  32X fo r domestic

waste (1979). This represents re te n tio n  o f additional water, so

I f  the initia l moisture la added, the figures are more like 35%

to  52%. Holmes (64) gives figures o f between 63Z and 74%,

related to refuse densities between 63a*g/m3 and 960 Kg/m^ fo r

aged refuse, (more than 4 years old), (England 1960). Campbell

(65) quotes a figure o f 62Z (England 1983) fo r  fresh refuse. Fenn

e t al M7) indicate tha t the fie ld  capacity is between 50% and

All the figures are based on a moisture content calculated as a

percentage o f  the mass o f dry refuse. Where It has been

neetisery to  convert from figures o f In che s /fo o t or mm/m, an

appropriate refuse density has been assumed.



2.5 Attenuation and 'containment design philosophies

There Is world wide debate on which design philosophy Is the most 

appropriate. Western Europe appears to  favour the containment

con;6Dt while Britain seems to  favour the Attenuation approach.

Ball and Blight t29? express the view th a t in South Africa the

m er-.s o f each philosophy should be considered in relation to

eac-. d iffe re n t s ite  and situation.

The containment design relies on an impermeable liner and an

e f f« : t lv e  leachate collection network, The d r a f t  guidelines (66) 

class.fy a containment site as a class one site fo r the disposal

o f  hazardous and tox ic  wastes. An acceptable liner would be a

syn:ie tle  liner or an in s itu or imported clay with coefficient

o f  permeability o f  less than 1 x 10*6 cm/s.

Attenuation design relies on the soil below the  la n d fill to

cieeise the leachate, The d if fe re n t a t te n tu a tio n  mechanisms

described by Bagchl (T°)» Robinson <7*), Fuller and others

are listed below ;

1. Adsorption the adhesion o f molecules onto the surface o f



TDS would remain unchanged,

8. Biological uptaxe -  micro e.-gattisms may Break down, reta in of 

adsorb leachate constituents,

3. Cation exchange -  can :eme from  Isomorphoua substitu tion,

broken bonds and edges or replacement o f an H* ion with another 

Ion (usually Na* , Ca*+ ,etc,j. The ease o f replacement depends

on sue, valence and mass action and fo r  clay mineraia, cation

exchange capacity (CEC) Increases from  kaolinite to  i l l l te  to

chlo rite  to  im e c tlte .

4. Anion exchange -  l it t le  Is mown about w Increases 84 

the pH decreases.

5. Dilution -  r.hiorlde, n ltra :i,  sodium, hardness and sulphate 

are no t attenuated by soli b ; t the concentration is reduced by 

dilution in the groundwater.

6. F iltra tion  -  where constituents are physically entrapped In

the random pore structure o f the soil,

7. Chemical precip itation -  oe-.ura from  a phaie change -where 

crystals In excess o f the solubility lim it are deposited. i t  

depends on the tens and their concentration, temperature, pH,

redox potentia l (EH) and the concentration o f th e  dissolved 

substances and their solvent.



To obtain adequate attenuation o f the leachate the aoil must :e

able to  utilise most o f the above mechanisms. Thus a sell ‘a

required with a low enough permeability to  allow the reactions io

take place, but not too lew as to  cause pending, A high ca t:n

exchange capacity, bu ffe ring  capacity (I.e. resistance to  changes

In pH), organic content, clay content and a well graded perti:ie

site distribution are all desirable. The ground water must :e> 

fa ir ly  deep and flowing fa s te r than the In filtra tin g  leachate.

The problem In the design o f attentuatlon sites la summed up : /

gouller who sta tes th a t " . .. . it  would be nearly impoaiilt'e

to  extrapolate measurements In one soil leachate system so

predict behaviour in another” .



3. RESEARCH STRATEGY AND METHODOLOGY

3.1 Background to  Linbro park sanitary landfill

LlnDro Park Is situated In the sandton municipal area to  the

i Nortfl East o f  Johannesburg. I t  Is a regional s ite  serving 

Johannesburg, sandton and Alexandra municipalities. The site 

sta rted  In a borrow pit fo r the construction o f the N3 motorway

in 1969. I t  has two phases o f construction, the North phase 

which occupies about 3,5 million m3 o f  airspace Is almost 

comple'e and the South phase Is due to  commence early In 1909.

Refuse Input a t Linbro is presently a t a ra te  o f £20 000 tonnes 

per annum. Input consists primarily o f  urban wastes with a

composition as shown in Table 3.1, Toxic, hazardous and liquid 

wastes are not accepted a t the site.

TABLE 3.1 Waste Input at Linbro Park

Gardens, streets and stands 

Domestic waste

Bulk containers (Includes large office and 

Shopping complexes, factories and businesses) 

Builders rubble and soil 

Industrial ' (non hazardous waste)



National awareness o f the leachate and gas problems associated

with sanitary landfills in south Africa only became prominent In

the late 1970's and as s.sh the North phase o f the site began

w ith o u t 0 prelim inary hyd rogeo log ica l in v e s tig a tio n . The

Johannesburg c ity  Council however operated the site according to

s tr ic t  sanitary landfill standards and Kept' wen above the ground

water table, thus minimising the risk o f pollution.

The operation Involves placing refuse between two parallel sand

or rubble berms spaced abe:t 30m apart, and compacting the refuse

within this cell In thin layers to  a height o f about Bm. The

refuse is then covered with a 150 to  300mm layer o f  soli a t the

end o f each worKlng day. See figure 3,t.

FIGURE 3,1 Cell construction at Lrbro Pork
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TABLE 3.2 Ground water monitoring results at Linbro Pork os compared to 'standards',

A» mHi h mjfl «wpt bH <"* tendwfMty I m9/m)



Figure 3,2 shows the groundwater contours In the Unbro Park area

calculated from  boreholes drilled on the site and within some

residential properties in the suburb, The cross sections as

shown In figure 3.3 Indicate the depth to  which filling has taken 

place on the site. The site originally traversed a na tura l 

drainage elvenne!. Fer. this r»»»on a cusvert was constructed

along the length o f this channel and the f i l l  was placed over 

the culvert. surface water flow  directions to  the s ite  and 

through the culvert ere shown In Figures 3.4 • (a) end (b),

In 1976 surface water sampling and analysis was undertaken a t

llnbro Park and then extended to  ground water sampling In 1963, 

Favourable resu lts  were found as shown In Table 3.2. Positions

o f monitoring holes and surface monitoring points are shown In 

Figure 3,2.

Oeoluglccv y Unbro Park ts loca ted an tne  Joheifmetburg

Pretoria granite dome, consisting primarily o f weathered granites

in d iffe re n t stages o f decomposition. See Figure 3.3

Two other s ites have been used to  a very limited extent fo r

comparative purposes. The f i r s t  is the Waterval landfill In the

Johannesburg western areas. This Is o f Interest as I t  is a site

In a water de fic it area but sta rted with wet tipping In 1928 and 

Is thus in hydraulic continuity with the groundwater. The second 

s ite  Is ths  coasta l Park site operated by the Cape Town city
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x. C.R.ANHAEUSSER "Geological plan of the Jcfiannesburg-Pretorla granite dome"



3.2 Plan o f the study

The generation o f leachate depends :n a number o f ' fac tors ,

including the hydrologic cycle, the natsre end properties o f the

refuse, o f the soil cap and o f the sell In the unsaiurated zone.

This research alms a t corre la ting the various parameters,

measured and calculated, so th a t a prediction o f the generation

and movement o f  leachate through the f i l l  and In to the

unsaturated zone can be made. This prediction will then be 

correlated with actual s ite  observation!, The procedure can be

seen In the flow diagram shown In Flgi/e 3.6,

Rainfall end evaporation figures have ;een measured on site and

from  tnese a water balance model c n  be developed to  predict 

in filtra tio n  through the  soil cap.

Soil cap parameters such as permeability, fie ld  capacity, depth 

and vegetation have been measured to  evaluate how much o f the

In filt ra tin g  water w ill actually reacii th e  waste layer and 

percolate downwards,

The refuse Itse lf has certain parameters such as permeability and 

fie ld  capacity, wnleh influence the m gratlon o f water through 

It. These parameters have been measured In the laboratory. 

Confirmation o f the predictions o f wa:er movement through the

refuse have been produced by sampling o f  large diameter auger
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holes through the refuse.

Leachate reaching the base o f the f!" i will be able to  percolate

Into the underlying unsaturated zone. Soil parameters fo r

a tten tua tlon  In the unsaturated zone have been measured In the 

laboratory. Field correlation has been done by excavating a grid

o f five  holes from the toe o f the f i l l  moving away perpendicular 

to  the toe, and sampling soil the holes a t d iffe re n t depths.

The available data has been used to  develop a prediction model

fo r  leachate migration. The final te s t o f  this model Is two test

cells or lysimeters constructed on site and Instrumented to  catch 

any leachate produced.

3.3 Meteorological data :

A mlnl-meteorotogical station was set up a t Llnbro Park In early

1987. Instruments are a maximum/minimum thermometer, rain gauge, 

class A evaporation pan, anemometer, hygrometer and a barometer.

The maximum/minimum thermometer Is read once a day and the mean 

o f the two temperatures gives mean dally temperatures in degrees 

Celsius.

The rain gauge la a simple conical gauge with a maximum capacity

o f iOOmm and Is read once a day when precipitation occurs.



continual readout o f  wind speed would

*  ,

•  ?!

The barometer ’ measuring atmospheric pressure (In

tnree times a day with all readings appearing In





o f ra infa ll, pan evaporation and mean daily temperatures fo r  one

year between UnOra par* and Jan Smuts Is shown in Figure 3.7, 

and table 3.3,

Table 3 .3 .

Jan smuts Lfnbro Park Difference

(%)

Annual Rainfall (mm) 0,4

Annual pan

evaporation (mm) 130T 3 ,3

Mean daily

temperature over the

year(°c) ,6 .9 .6 ,2

I t  was thus considered safe to  use the statistics given a t the

Jan smuts station fo r long term predictions o f water balance a t

Unbro Park. The means and standard deviations oi* monthly 

ra in fa ll, evaporation and mean daily temperatures are shown in

Figure 3,e,

The trend indicates six re lative ly  w e t' monCfMi October is  March,

and aix relatively dry months, May to  September.

Using the above averages and other relevant figures and applying
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the various prediction formulae fo r po tentia l evapotranspiration

from Table 5.4, Table 3.4 shows the wide range in predictions

from the different formulae.’

FORMULA

Thornthwsite 

Christiansen 

Blaney Criddle 

Lowry Johnson 

Penman

Llnsley and Franzini (pan 

evaporation x 0 ,7 )

POTENTIAL ET.

807 mm/annum 

154 1 mm/emum 

9 37 mm/annum 

1509 mm/annum 

72 4 mm/annum 

596 mm/annum 

<367 mm/annum

With an average rainfall o f 747mm Turc and Penman predict a water 

surplus, while the other formulae predict a water de fic it.

The above analysis Is done on an annual basis, however there 

could be seasonal periods o f eater surplus during the year, 

po tentia lly  causing leachate production, even though there is a 

water d e fic it on an annuel basis. in th is case a daily water

balance would be a more accurate prediction tool than a weekly or 

even monthly water balance calc.tation.



Daily, weekly and monthly water Balances have been calculated at

Linoro par* Tor I year using the method o f Thortflwaite ana Mather

(T3) as adapted by Fenn e t ai (<T), The method is described In

Append* c, from the s ta rt o f wet season In 1967 to  the s ta r t o f

the »et season in was. Mean figures taken over 20 year) a t  the

Van Smats Heteorologica) s ta tion  are aiso included. Results o f

varying the d iffe re n t parameters are shown In table 3.5 below.





table 3 .5  (cont. )

Evapor'n 

deptn data

Rainfall

formula

2 .USING 20 TEAR MEAN FIGURES (1968 TO 1988)

1000mm

looomm

tooomm

looomm

zootmn

200mm

zoomm

200mm

0 , Txmean 

Thofnth-

0 , Txmean 

0 ,7  (mean

0 , rxmean 

Ttiornth-

0,7xmean 

0 ,7  (mean

Monttof

honWf

Honthfi

Montnii

Monthly

Menthtt

Monthh

Konthir



A number o f simplifications and assumptions had to  be made In

producing the figures In Table 3,5 as indicated :

i. Ftnn e t al state th a t evaporation from bare soli does not

extend below soomm. in1 this case the intermediate soil cover and

fina l soil cover deface vegetation have been considered as layers

with 25mm water holding capacity ( f ie ld  capac ltr to  wilting

8. A fte r vegetation o f the final cover with shallow rooted crops

(I.e. grass) on soil, Between a sand loam and a s ilt loam, ion

moisture retention w»uid be 100mm (Table 10 from Thornthwaite

(T9)) fo r a 1m layer o f fina l cover.

3. Two sets o f data are used t a) Dally measurements between I

September 1567 and 31 August 1988 and b) Monthly means end

standard deviations from figures measured between t*66 and 1968

by the s.A. Weather Bureau fo r  the Jan Smuts meteorological

station.

4, P o te n tia l evapo tranap lra tlon  -was calcu lated using pan

evaporation multiplied by a fa c to r  0,7, or a lternatively using

figures based on mean dally temperatures, hours o f sunshine and

angle o f latitude as expressed by Tfiornthweite (T9>,



be the annual percolatr



i

!t  should oe stresse: a t this point tn a t there are a number of

other fac tors  which a f fe c t this percolation figure :

a) Ponding - there could well be ponding o f surface water In

areas where landfill settlem ent has occurred or where fina l

grades are too f la t  to encourage runoff. This could Be a problem

when the end use a landfill Is a sportafleld which requires a

leve l surface.

b) Surface cracKlng - o ften  caused by d iffe re n tia l settlem ent

o f the landfill or the drying out o f  a high plasticity clay

liner, cracks form the surface o f the landfill and allow a

direct passage for wr.er to  flow Into the waste.

c) Surface erosion - is often  the result o f steep slopes, lack

o f vegetation or trs use o f dispersive sons as a cover, This

leads to  a reductle- in the thickness o f the cover and often

results in direct c i-m e ls  into the waste.

d) open waste dur ng operation -  i f  rain occurs during dally

operations the rain •III quickly be soaked up by the waste and

very l i t t le  run o ff »ill occur. an intermediate layer o f son

will be placed on to ; o f tne waste a t the end o f the day, thus

res tric ting  evaporation. The rainfa ll on th a t day will then an

contribu te  to  p e rd a tio n .

ej Direct channels : f  coarse material through the f i l l  to  the

Base are a source percolation which may cause leachate to  be

produced even before the landfill has reached Its field capacity.



JnMrstlon curves far Llnbro Pork and Coastal Park



compared to  th a t o f Llnbro Park in appendix H. The curves

showing Actual evapo transpiration and In filt ra tio n  are shown In

figures 3.9. The figures fo r coastal park were obtained from the

meteorological s ta tion at D F Maian Airport (l6Km NE o f the

s ite). Assumptions fo r both sites are the same (I.e. tm top

cove r w ith  100mm ava ilab le son s to ra g e , p o te n tia l 

evapotransplratlon equals 0,7 x (mean Pan evaporation -  standard

deviation) and ra in fa ll equals mean plus standard deviation).

Runoff fo r Llnbro park = 0,1125? while th a t a t coastal Park s

0|075P, due to the sandy nature o f its  cover soil,

Coastal park receives less annual precip itation tnan Llnbro park

but shows a water surplus in figure 3.9. This is due to its

winter rains and the reduced e ffe c t o f  summer evaporation due to

the dessfcatlon o f  the soil.

3,4 Properties o f  soil cover

The final soli cover or cap could be a crucial fa c to r in leachate

production from  a landfill. The permeability o f the sell cap

will influence the rate o f In fi lt ra tio n  o f any ra in fa ll, Its

fie ld  capacity will determine the quantity o f In filtra tio n  th a t

can oe retained before i t  percolates Into the waste, its  grading,

eroslvlty, shrinkage , swelling capacities and void ra tio  are



Soli samples taKen a t Llnbre Park show a pa rtic le  size

dis tribu tion as In Figure 3,10, determined br sieve analysis fo r

the coarser grains and hydrometer analysis f;«  the finer grains.

I t  shows a well graded sandy loam with about clay fraction.

Field capacity . was measured by placing the :oll a t Its in situ

density, (1730 kg/m3), in to  a cylinder w ith f i l t e r  paper and

drainage holes in Its  base. I t  was then siaked in water and

allowed to  drain fo r 54 hours without evaporation, and the water

content measured. The fie ld  capacity varied between 13,7% and

15,9% (on a dry weight basis) with an average o f 15%. From

tables in Chow (57), the wilting oolnt was predicted to  be about

Permeability was measured using a constant htad permeameter a t

various pressures and averaged 1xlO"sem/s, Tie specific gravity

is 2,695 , void ratio 0,66 and porosity 0,4.

The attenuation properties o f soli from the tise o f trie landfill

were analysed by a commercial laboratory which analysed the main

cations, cation 'exchange capacity, pH, percentage o f organic

m aterial and the bu ffe ring capacity. The rem its are shown In

Table 3,6 and Figure 3.11.
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3.11 SOIL

Llnbro Pork - 
Coostol Pork —



COASTAL PARK

POTASSIUM (mg/kg) 

CALCIUM (mg/kg) 

MAGNESIUM {mg/K9) 

SODIUM (mg/Kg)

OR6AMC MATERIAL (Z ) 

C.E.C (me Z)

3.5 Refuse properties

Essentially the waste can be seen as part o f the sen profile but

with widely d iffe ring  properties. A grain size distribution o f

refuse was not conducted but i t  probably similar to  -.hat measured 

by RainKe <7<J. His grading curve is shown In Figure 3.10.

The fie ld  capacity o f refuse was measured a t d ifferen t densities

and fo r d iffe re n t ages -  using the method explained in Appendix

D, The general trend is fo r  the field capacity -.o reduce as

the  density increases. The fie ld  capacity also appears to  

reduce w ith th e  f i r s t  ageing o f the refuse • (In itia l 

decomposition) and then stabilizes as shown In figure 3,12. The



curves are compared with those o f Roper and Fongoqa (75) who used 

a similar method o f analysis. Table 3.7 shows other figures 

obtained from literature, a figure o f 60Z fo r  refuse In place fo r 

over 6 months would probably be suitable fo r  most calculations.

FIELD CAPACITY

Rovers and 

Farquhar ( 6 , >

Young 1 Barber (65) 

Holmes (64)

Campbell (65)

Hart! t  Ham ( 76 )

57 X (England 1961) 

s'4 % (Virginia 1970)

70 % (Canada 1973)

50 % to  38 % (1975)

109 % (Illinois 1976)

52 Z (1979)

63 x to 74 z (England 1980) 

82 V. (England 1983)

67 /. (1963)

Refuse permeability is siso d iff ic u lt to  measure and depends on

the type o f refuse, der.iity, age and permeant. A te s t has been

conducted, (de tails in Appendix E), to  determ ine a rough

permeability figure and compare i t  w ith those found in the

lite ra tu re . The present te s t produced values between 4 x io -3

and e x 10-3 em/s. rne results o f these te a t*  are shown In

Figure 3,13. Figures fevnd in the literature are shown in table



DENSITY AT FIELD CAPACITY
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I * * '

TAKE 3 .8 Permeability o f refuse

Roblnson(64)_ baled municipal 1,5  * 10-= 573ks/m3

waste to 7 ,1  x 1 0 - ' cm/s at 1137Kg/r.3

Zimmer men et al (77) -  milled 10-8 cm/s at l 60*;/m 3

refuse to  5 x 10-6 cm/a at 72C*5/m3

owels end KeraC78) 4 ,a x 10-3 to  6 ,3 x i 0-4 « vs

to X 10"3CT/S

coEFFicerr
PERMEA6VTY

DENSITY (kg/m*)

FIGURE 3.13 Hausaheld refuse permeability test

The field density o f tfte refuse layer was, calculated a t placement 

In the two te s t cells by surveying the area before and after 

placement and compaction o f the refuse. The mass was taken o f f  

the printout a t the s ite weighbridge. The in situ density o f 

refuse came to  an average o f 969kg/m3 . The density o f the f i l l



km .:

Maw

(Tam

Including soil cover was calculated during drilling o f the auger

hole, where all the waste was collected and weighed before

disposing o f It. This density was 1375 Kg/m3.

The specific gravity o f refuse was measured in the laboratory by

using the vacuum method and was found to  be between 1,76 and 2,38 

i average o f 2,15, So an estimated void ra tio  o f refuse

(25% moisture a t gagfcg/m3) 1 Is between 3,9 and 7,2 with an average 

o f 6 and corresponding porosities Between 0,8 and 0,68. The

stress strain curve fo r refuse and the e -  log p curve to give an

estim ate o f the coeffic ien t o f consolidation have been calculated 

from the field capacity te s ts  ind are shown in figure 3,14.

Other engineering propen 

In Table 3.9.

fo r  municipal solid wastes are shown

Void ratio Cancel! (79) : 1 (well compacted) ,  to 15

Angle of Internal friction (? 9 )  : 25°

Robinson (64 ) 190

Cohesion (79) 3 c m

(64) : 63KPa

Bearing Capacity (? * ) i 2Si to  100 KPa (use 40 or





3.6 Sampling and Analysis o f Refuse

Two 1,2m diameter auger holes were drilled through the refuse at

llnbro park. The positions o f the holes are shown In diagram

3.15. A steel cage was inserted Into each hole, and a collar

with a lockable steel lid was placed on top. Waste samples were

required a t « h metre down the depths o f the auger holes. The

holes were filled  with landfill gas which made the task o f

sampling d iff ic u lt and dangerous. Mr J.M. Ball a qualified diver

with experience o f sampling similar holes a t waterval and cape

Town obtained the samples, using breathing eperatus and being

lowered down by means o f a bosuns chair.

A similar hole has been installed a t the coastal Park s ite In

Cape Town and sampled In a similar fashion. An auger hole Is In

existence a t the waterval landim and has been sampled a number

o f times by Bal|(<).

Each sample was analysed fo r  moisture content, pH, TPS, COO,

Conductivity, Alkalinity, NH*. Cl, k and Na (See Table 3,10 fo r

explanation o f these param eters). Moisture contents were

determined on a dry weight basis as shown In Appendix F.

To analyse the remaining parameters, solutes had to  be extracted

from  the refuse. The only similar extraction process described

fn the literature was tha t o f Houle e t el (60) wno used 20g of
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Positions of auger holes , lest cells 
and grid of holes in the urwoturated LINBRO PARK 

? :4 _ E  '6 OOC

3.15



waste with 200ml o f water in e Eulf,merer flaaK. It was fe lt

tiM t 20g at each depth would not oe a representative sample and a

d iffe ren t extraction process was ocvelocid using 2 Kg samples (as

explained in Appendix 6).

Table 3,10. PARAMETERS USED IN ANALYSIS,

pH pH 18 u$ea to  express th e , intensity o f  the acid or

aiNaHne condition o f a solution. pH Is a

measure o f the hydrogen ton concentration In a 

solution,

TOS Total dissolved solids Ir, a liquid consists o f

inorganic salts, other c'ganle m s t t i r  and

dissolved gases, as a general rule hardness o f

the water Increases wltfl dissolved solids. Total

soiios content o f potabii water ranges should not

exceed tooom g/l.

coo Chemical oxygen demand is the to ta l quantity o f

erygen required fo r oxleation o f a substance

to  carbon dioxide and water, f t  Is essentially

the oxygen required fo r the stabilisation o f

a biologically active material. Tftus a high COD

Indicates a large quant-.y o f po tentia l mlero

biological pollution. Tne lim itation o f COD meas­

urement is tha t It carrot d iffe ren tia te  between



oglcally

CONDUCTIVITY 18 a measure 

an elect

oxidlsabie and biologically

solution's ability to  carry

which depends on tne 

Iona In solution and hence

the capacity o f a liquid to  neutralise acids.

It is based usually on the carbonate, 

bicarbonate end hydroxide concentration,

Salts o f weaK acids, such as borates, silicates

and phosphates, some organic aclgs (e.g. humlc 

acid) and #e!ts o f acetic, propionic and hydro-

suiphurlc aciLi con tr ibu te  to  to ta l alkalin ity.

Ammonia may also contribu te to  alkalinity. I t  is

thus not purely a pH dependent parameter. It  la

a measure o f the bu ffering capacity o f a solution

measure o f  the nitrogen content

released due to  bacterial actions on 

i  proteins, The ammonia concentration

In aerobic conditions wilt decrease with time

thus providing an Indication o f how recently 

pollution s ta rted . Most organic compounds

containing nitrogen ere derivatives o f ammonia



and oxidation will free the nitrogen as ammonia.

CHLOROE Chloride occure in natural waters Increasing

in concentration os the mineral .content 

Increases. Human excreta and many industrial

wastes contain chlorides which accounts fo r  their

SODiun AND Sodium and Potassium are cations which give

POTASSIUM an Indication o f the salt content o f  a 'iquld.

(Sawyer and McCarty

The analysis was done oy a commercial laBoratory and results,

Including the profile o f the holes, are shown In Figure 3,16. a,b

3.6.1 Llnbro Park North Auger Hole

3.6.1.1 End o f  wet season - At the end o f the wet season

leachate was beginning to show through the base o f the soil layer

at the 4,8 m level, The sou layer ts well above Its  field

capacity and contaminants (conductivity, IDS, COD, alkalin ity and

ammoma) are most concentrated at this level. There appears to

be a build up o f concentrations at the 12 m level as well with

high conductivity, TOS, a lkalin ity, sodium and potassium. Note







approaching

S 3 #



lowest pH (6,7) has peak concentrations fo r  conductivity, COD,

alkalinity and ammonia (i.e. organic contamination) and the 6 m

level has simitar DeaKs n  well as a t>eak .In TDS concentration.

The «  m level emulates tha t a t tne end o f the wet season,

»ftowlng the highest pH In the p ro file  (8,4) and peak

concentrations in conductivity, a lka lin ity, chloride and ammonia,

even thougn tne moisture con tent has reduced conslderaoiy.

Similarly the 15 m level emulates th a t a t the end o f the wet

season, but with a reduction In water content

Generally there appears to be very l i t t le  vertica l movement of

moisture through the preflte and the large reduction In moisture

content would indicate that there is possible lateral movement o f

moisture in to the f i l l .

• 3.6.2 Llnbro PerK south Auger Hole.

3.6,2,). End o f wet seescn -  The moisture content pro file  at the

end o f the wet season extends above 60i( (1.6. the field capacity

.fo r household wastes) a t the 3 m, 5 m and 13 m levels, indicating

the presence o f  excess water available fo r  leachate generation.

peaK concentrations o f ell the solutes appear a t the 6 m level,

the point o f lowest pH (6,7). M would thus appear th a t leachate

Is backing up In the refuse between 3 m and 6 m with the layer of

soil a t 6,3 m slowing ■'■jrther percolation down the profile.





The landfill a t this point was also constructed In two stages,

the Bottom stage up to  the top o f the soli layer a t 6,1 m from

1970 to  19T6, and the top stage In 1985 and 1986, At the 8 m

level pH Is highest (8.5) and corresponds to  a large drop in COD

e o r tc e f lt ra  t /o n .

The lower level shows contamination a t 13 metres, with high

concentration; o f  COD, chloride and ammonia. The water content

a t this point is above the field capacity fo r domestic waste end

Indicates a small buildup o f leachate a t the base o f the fill.

3.6.2.8 End o f dry season -  Apart from sodium and potassium the

profile a t the end o f the dry season is very similar to  th a t at

the end o f the wet season. However the to ta l moisture in the

pro file  has reduced by 33,5%. Observation o f the  moisture

content pro file  shows th a t i t  has dried fa ir ly  consistently over

the depth thus indicating tn a t the moisture Is no t moving

vertica lly  but possibly seeping laterally in to  the  landfill.

The pH has generally reduced to  below neutral fo r  the whole

p ro file  with very low pH's o f 5,7 and 5,5 a t am and 5 m

respectively. This corresponds to  high values o f conductiv ity 

and alka lin ity and very high cod’ s a t these points. The

Indication Is tha t tne top seven metres o f th= landfill are only

In the acid phase o f decomposition.

Concentrations o f all the parameters are lower a t the 13 m level



and the ms sture content has reduced to  well below the field

capacity thus tending to  snow tha t there la not a build up of

leachate at vie base o f the fill as shown up a t the wet season.

.1.6,3 Comparison o f the two holes

The two holes, are situated approximately 250m apart, but display

widely varying characteristics. From observations on s ite  the

north hole's steel casing displayed no evidence o f corrosion

whereas the south hole's casing Is covered In rust, The south

hole also hai a white fungus growth on the surface o f the refuse

which Is absent In the north hole. On opening the holes there Is

evidence o f a great deal o f condensation on the steeiworx and the

sidewalls, posilbly a ttr ib u tab le  to  water vapour In the gases.

Surface water appears to  have ponded in the area o f the north

hole but not in the south. This fa c t  could account fo r the lower

reduction In moisture In the north hole a t the end c f  the dry

season compered to  the south hole. The holes cnuld be the paths

o f least resistance (perm eability), which a t t r a c t  a flow  o f

moisture tevards themselves, and could explain any lateral

movement o f moisture In the profile

In general t-e solute (or leachate) f ro n t appears to  have reached

a level abc.t 5 to  6m below the surface in three years. The

change o f season a ffe c ts  the moisture In the profile. Movement of



FIGURE 3J6M COASTAL PARK AUGUR HOLS tod of dry smsod (Moj‘ 19681 
tnd of trot saason tOcf 1966)



the solute fro n t Is fa ir ly  s ta tic , less concentrated a f te r  the

dry periods with no direct evidence o f where the moisture Is

3.6.4 Coastal Park Auger Hole

3.6.4.1 End o f dry season -  The pro file  clearly shows a large

peak concentration In nearly every parameter within the top metre

and th erea fte r the profile does not appear to  be chemically or

b io log ica lly  ac tive .

The natural pH o f the coastal Park soli is 9,3 so the Initial

value o f 6,7 together with a high COD Is Indicative o f the onset

o f add phase degradation. A t no point in the profile is the

moisture content near tha t a t fie ld  capacity, Being the end of

the dry season I t  Is possible th a t solutes have moved upwards in

the pro file  due to  an evaporation gradient,

3.6.4.2 ,End o f wet season -  The moisture content In the profile

over the wet season has increased by 15,SX. At 4 m the moisture

content Is well above field capacity and the moisture contents at

2 m and 3,5 m are aim „c a t field capacity.

In general the p'. has reduced over the entire profile, the low of

6.2 at 3,5 m and high COD a t the same level Indicating a leachate

fro n t a t this point. Chloride, ammonia, conductivity and TOS 

concent" atlons peak at the four metre level.



The profile very neatly shows .ip the movement o f a solute (or

leachate) fron t from t m ■ down to  4 m over the wet season but does

not enable one to  see whether the solutes move upwards during a

dry season. I t  would be worthwhile analysing one more set of

samples a t the end o f the dry season in 1969.

3.T sample extraction and Analysis (Unntura tea  zona soil)

A grd o f holes a t Lin Pro Par*, were excavated to a depth o f 3m,

s ta rt ng a t the landfill toe and moving away from the landfill,

as i.nown in figure 3.15. A similar grid o f notes were excavated

a t -.he Waterval landfill fo r  comparisons. Samples o f the soil

were taken a t O.Sin depth inte rvals and sealed In plastic bags,

The grid was designed to  obtain a picture o f any contaminant

mlgri'.ion In the horizontal and vertica l directions In the near

surfsze unsaturated zone.

Extraction o f a liquor fo r analysts was done In ,the same way as

th a t fo r refuse (described in Appendix 6). I t  was then analysed

fo r  pH, cod, TDS, Alkalinity, ammonia, chloride, sulphate, sodium

and potassium by a Commercial Laboratory. The moisture content

o f the soli was also calculated by oven drying. It should be

stressed here th a t units used (I.e. mg/dry kg) are comparative

thus enabling a comparison o f the various soils tre a te d  In

exact i the same way, The values are not absolute and can thus

not je  compared to  a 'typical1 leachate fo r example,
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values from the analysis were then p lo tted  in lines v f  -equal

concentration as shown In figures 3.17 (a) to  W) and are

discussed below.

3.7.1 Llnbro Park unsaturated zone pro file

There appear to  Be four sources o f contamination in the profile

o f holes :

a) Percolation Is occurring below the toe  o f the landfill and

moving away from  trie  toe. The contaminants are rapidly

a tte n u a te d  (within f,5 m vertically ana 3 m horizontally), and 

the percolation is very small as evidenced by the low water 

contents o f the soil. Contamination could be due to  surface

washoff By rainfall and seepage at the toe o f the f i l l  or due to 

fissures In the waste which anowa the passage o f a contaminated

liquid to  the base sou before the fin  has reached Its flela 

capacity.

The samples were taken In July, half way Into the dry season, ants 

the horizontal movement could be partly due to  the suction caused

by evaporation o f moisture in the top layers o f soil,

C) Between five  and seven metres from the toe o f the landfill

tnere Is a source o f high salt contamination (h()h cenduet#v|ti\



res, 6hio rid#i ».-i sooim).

The causes fo r tnia contamination could either be surface washoff

from  the landfill slope or spillage o f refuse by vehicles (the 

road is about 2 m away).

c) Seventeen metres from the landfill toe, a t the edge o f the 

road, there Is a source o f biological contamination (lower salts,

bu t higher COO and low pH). This source o f contamination Is

rem ote from  the la n d fill and could have been caused by 

contaminated soil being graded onto the road or refuse spillage 

by vehicles.

d) Three metres from the landfill toe and a t a depth o f 2,5 m

there Is a slug o f high salt concentration (Na, Cl and K). At

2,5 m deep I t  is unlikely th a t th is was caused by surface 

contamination as It does not leave e trail, . but can possibly be 

attributed to  a pocket o f  soil with a high natural salt content.

To summarize the d if fe re n t param eters have been analysed

s e p a r a te ly .

a) pH -  The natural soil pH Is neutral to  slightly acidic. The 

pro file  shows a slightly raised pH (7,2) jus t below the toe o f 

the f i l l  and a depressed pH (5,3) seventeen metres from the toe,



b) floslture content -  The moisture content throughout the

profile is generally low apart from a value o f 14,2% in the soil

below the stormwater channel, which is appnechlng the fie ld

capacity o f 15%. ' At the toe o f the f i l l  the tiolsture content Is

Its  lowest a t 3,6%, (Just above the w in ng point), which

indicates th a t moisture In the p ro file  comes from  surface 

in filtra t io n  and not from  the  f i l l .  Elevated moisture contents

(above 10%) are noted a t S m and a t 17 m.

c) Chemical Oxygen Demand -  The COD values at the toe o f the 

landfill are high (503 mg/Kg) but reduce repttiy to  below 50

mg/xg within 1,5 m vertica lly and 3 m ho rntn te liy. A second

set o f elevated COD values appears a t 17 m supporting a 

contamination trend plcxed up by pH and moisture content.

d) Total Dissolved Solids -  Below the landfill toe the pattern

fo r Tos is very similar to  that fo r cod with a h gh o f 1060 mg/Kg

reducing to  less than IOO mg/kh within 1,3 m isrtlca lly and 3 m

horiiontally. TDS a t the 17 m mark however does not support the

contamination trends as shown up by pH and CO), possibly due to

the fa c t th a t the contamination Is mainly bicltglcal and would

not produce the large amount o f salts normally associated with a

high TDS.

e) A lka lin ity  - A lka lin ity  figu res  age-. support the

contamination trend from the toe o f the landfir as shown up by



pH, COD ana TOS. Hewever the contaminant source a t 17 m shows an

alkalinity o f zero which could be linked to  the depressed pH's

(5.6 and 5,3) a t these points, thus supporting the trend.

f )  Conductivity -  m e conductivity contours are almost parallel

to  the ground surface, reducing In concentration with depth. The

peak conductivity (51 ms/m) Is at 5 m. one would expect the

conductivity contours to  be similar to  those fo r  YDS (I.e. a

measure o f the salt content o f the solution), however In this

case i t  may be possible tha t the high vc • a t the toe o f

the f i l l  are due mainly to  organic m. ■ dissolved gases,

th a t not affecting  the conductivity very

9) Ammonia -  The ammonia contours are approximately parallel to

the ground surface, rapidly reducing In concentration In the top

metre o f soil. This Is to  be expected In natural soil as NH4

concentration decreases rapidly, converting to  NO3, In aerobic

conditions, The ammonia values are pleasing in +"iat they show 

th a t the soil profile is almost free  o f contamination.

h) Chloride -  Chloride concentration is highest between 5 and 7

m from  the landfill toe Indicating a contaminant source a t this

point. The chloride value below the landfill toe (9,3 mg/kg) is

low, but I f  I t  Is disregarded as an e rro r , a trend o f

contamination supporting th a t o f COD, TDS and conductivity



I) Sodium -  Sedluir concentration is highest (20 mg/Kg) at 5 m

from  the landfill toe and in general reduces with depth through

the pro file . Howe'er there la a .high concentration slug o f 

sodium a t a depth o f 2,5 m up to  3 m from ' the landfill toe.

There is a similar slug o f higher concentration chloride a t this

po in t indicating ptsslbie sa lt contamination.

J) Potassium ~ Potassium shows a general reduction In

concentration with dspth apart from a slug 3 m from the landfill 

tee a t a depth o f 2,5 to  3 m. This corresponds to  the sodium and

chloride slugs found in the same area,

In general the contamination Delow the f i l l  Is most likely due to

w ashoff by rainfa ll and/or d ire c t drainage paths (fissures)

through the waste to the base o f the landfill. The low moisture 

directly below the f i l l  as compared to  the higher moisture

elsewhere would mi'cate th a t the f i l l  la no t a t Its  field

capacity and la IN s  not allowing leachate to  percolate through 

Its pase.

3.7.2 watervat un utura ted  zone p ro file .

i t  should be note : a t the ou tse t th a t evidence of f i l l  using

d iffe re n t sells and rubble was found In the 12 m and 22 m 

profiles. i t  was iitem pted to  sample only the natural clay fo r 

the area but this factor should be considered when examining the 

results o f the a-ilysls and drawing conclusions.
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one wou's expect fa irly  nign salt contents in tne profile due to

tfle  nau-.-ai salts present In the clay (see table 3.7). me area

sampled was also in a vlel, where salts would be concentrated by

natural ;rocesses. Without background values I t  would thus make

I t  d iff icu lt to  draw conclusions from  the salt and TDS profiles.

An Indieitof o f biological contamination is COD where all the

values are low. At a glance I t  would appear th a t there is very

l i t t le  cMtamination o f th is unsaturated zone profile .

However under close scrutiny there are indicators o f potential

contamlns't movement. Chloride and potassium and, to  a leaser 

exten t, :ondu:tlvlty and COO show signs Of a plume emerging at

the toe of the fill. More noticeable though Is the sign o f plume

moving Is-.ersiy, 2 to 3 m below the toe, as shown up markedly by

ammonia and, to  a lesser e x te n t, by botassium, chloride,

conductivlti, ' alkalinity and cod. i f  the source o f contamination

Is attributed to  the landfill, the mechanism could be due to  . a

, less pernsable layer o f  soil res tr ic tin g  the downward percolation

Of leacrate which then migrates horizontally.

The d ifferen t parameters have been analysed seperatly below :

a) pH • the pH is generally above neutral with a high o f 8,1

four mefss from the toe o f the f i l l  and a minimum of 6,7 a t the



b) Moisture content -  the r-oll moisture Is lowest a t the toe o f

tne f i l l  (io,3X) ana reecnes a maximum : f  88,1'/. about four metres

from tne toe. This can be a t tr ib u te  to  surface infiltration,

c) Chemical Oxygen Demand -  the c : :  values are all relatively

low (Below 68 mg/Kg).

<3) Total Dissolved solids -  TOS Is ssnerallly quite high through

the pro file  witn the lowest values ::curring d irectly below the

U ndflli toe (160 mg/Kg). The higher. valves occur near the

surface 6 m from the landfill toe (46*5 mg/Kg).

e) Alkalinity -  AlKallnity shows an .nerestlng trend with a

hlgli value (137 mg/Kg) directly eelow : -s randM! toe a t a depth

of 3 m. The concentrations reduce upwe-Z; and away from the toe,

apart from a single peak o f 158 mg/kg four metres from the toe.

This corresponds to  the high pH a t tr« : point.

f )  Conductivity -  conductivity shows i  similar pa tte rn  to  the

Tos contours, as can be expected due to  the high sa lt

concentrations in the soil which Increiie TDS and conductivity.

g; Ammonia -  Ammonia picks up the v tn d  shown In alkalinity with

a high o f 24 mg/kg a t a depth o f ; m Below the landfill toe,

decreasing in concentration upwards and away from the toe. This

la a clear indication o f the appearar:? o f contamination a t the



h) Chloride -  chloride concentrations are fa ir ly  high (436

mg/kg) directly below the toe o f the fin , out reduce rapidly and

then shew themselves In a plume 6 m from the toe, with a peak

concentration o f 620 mg/kg,

I) Sodium -  Sodium concentrations are fa ir ly  evenly spread

throughout the profile and show only one high peak 6 m from the

la n d fill toe.

j)  Potassium -  potassium concentrations are high a t the landfill

toe but reduce rapidly. They then show support fo r the trend

picked up by ammonia and alkalin ity o f  a sideways movement o f

contamination about 2 m below the landfill toe.

In general I t  would appear th a t there Is a surface contamination

a t 8m, not attributab le to  the landfill, and Indications o f a

sfeways moving plume o f contamination between 2 and 3 metres

below the base o f the fill, I t  Is suggested tha t this plume be

observed closely fo r  evidence o f a tten tua tion  or pollution.

3.6 Test Lyslmetera

Two lined te s t cells or lyslmetera were built on site in March

1966 to confirm any prediction o f leachate generation (see figure





top end Is am deep, The cells are lined with a 500 micron pvc

lining to contain and drain any leachate produced. Cell <t> has a

2m unsaturated zone above the liner to  simulate the usual

unsaturated zone, while cell (2) has only a 300mm pro tective

layer o f soil between the waste ana the lining. Each cell

contains a collection pipe contained In a drainage trench vrltn

(5mm gravel, which tiraini Into two separate 210 litre  sumps fo r

collection o f the leachate. ce lt (I) In addition has th ree 

Waives (WICK assisted Lysimeters w ith  Vacuum Extraction), 

developed by Ball and Blight (a6), Installed In the unsatureted

zone a t 0,5m, i,om end i,5m below the refuse. The weives are

Intended to  extract liquid from the unsatureted zone by exerting 

a negative pressure In a cone which leads into a collection tube.

Each cell was filled  with refuse on consecutive days, compacted

using a 27 t landfill compactor, and then covered with soomm o f

To date there has been no percolation in either o f  the two tes t

ceils, No samples have been extracted from the waives and It Is

s ti l l  uncertain I f  they are going to function or not. However

zero outflow from cell (2) into the sump confirms the point tha t

no percolation has taken 'place through the base.

To accelerate conditions, -as from I June 1986, the to ta l pan

evaporation minus ra in fa ll fo r  the previous month was placed on

cell ( i) using a garden sprinkler. It was attempted to do this



over the period o f one day without allowing any runoff to  occur.

In this way, conditions in the eel! would approximate those In a

zero water de fic it area.

A water balance has been calculated on a dally basis fo r the two

cells. Initia l conditions are a refuse density o f 967Kg/m3 In

cell (I) and 10!0kg/m3 In cell (6), calc la ted by surveying the

areas before and a fte r refuse placement and taking masses. from

the site weighbridge. The Initial moisture content o f the refuse

can be assumed to  be 20%. The top surface has a slope o f I : 24

and the face o f 1 ; 6. The soil is bare o f any vegetation and

meteorological data is measured daily on site. The loomm soli

moisture retention tables In appendix B have been used.

At the end o f November 19ea cell (I) had a to ta l o f 216,3mm

percolation (accelerated conditions), and cell (2) had zero

percolation. The cover fo r  cell (2) was however close to  Its

fie ld  capacity, Indicating th a t percolation would take place If

the normal summer rains continue.

The to ta l moisture holding capacity fo r the two te s t cells was

also calculated. ce il (() would be able to  hold 1564mm of

percolation before producing leachate, and ceil (2) can ho ld '

1233mm. At an average accelerated rate o f percolation Into cell

(l> o f 27mm per month, I t  Is estimated tha t leachate would begin

to f i l l  the sump in SB months (I.e. January 1992),
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4. DISCUSSION OF RESULTS

i. l  predicted leachate generation e t Llnbro rarK.

‘ t the  two Drofllea through Llnbro Park under ecnslderatlon, the

taste  was deposited In two stages. The toe eight metres were

•\fied during tfte years o f  1963 end 1966, while the lower stage

• is  fille d  between 1970 end 1976. For this reason the water

:ilance fo r the two sections needs to  be considered separately,

Me figure fo r  predicted percolation is taken from section 3,3,1

nd is a mean plus standard deviation o f all the water Balance*

one fo r  the area, thus including a certain fa c to r o f safety,

Calculations are shown In Appendix I.

•tcordlng to  this theory moisture In both tne north and tne south

iaies should be entering the  second refuse layer (about 2,7m

b»low the surface)! with a to ta l amount o f additional water in

the profile o f 3240mm, From the 4682mm water holding f  ' In

the north hole and the 5156mm water holding capacity in the south

r ife , I t  ' Is predicted th a t the landfill will reach field capacity



A fter such time the rate o f eechate generation would be a t 136mm

4,2 Measurements o f leachate generation a t Unbro ParK

Moisture contents have been ".aKen throughout the profiles In the

north and south auger holes. Using these mofiture contents and

assuming In itia l conditions fo r s.oii and refuse, any additional

moisture In the holes can be calculated as shown In • 'ndix J.

From these catetilatjons i t  ap fu rs  th a t the e x t r - ,tu re (which 

leads to leaenate production) is:

I) 2603mm In the north hole st the end o f the wet season, but

only 1734m a t the end o f the dry season, and

II) 3594mm in the south hole a t the end o f the wet season,but

only 1767mm a t the end o f the dry «84on.

This can be compared with t r t  predicted extra moisture In section

4,1 o f 3240mm.

t.3 Comparison o f results

If one t«xes the actual extrs moisture a t the end o f tftv wet

season (i.e. tne worst case) : would appear tna t actual icicn,:te



generation Is at least 20% less than predicted In the no'th iole

and 10% greater than predicted In the south hole. The sredlcted

leachate generation was based on the mean plus standard deviation

o f an arb itrary number 'o f  percolation calculations and e:rrefstes

quite closely to  th a t measured a t the end o f the wet seasm.

From table 3.5 the figures fo r calculating percolation on a . dally

bails (i.e. 133mm fo r  tm cover and 264mm fo r 200mm ce-sr) are

fa irly close to  the mean used In the prediction. However a dally

calculation o f water balance becomes very cumbersome. The weekly

period o f calculation does however give figures 68 and 69% of

those calculated on a daily basis (i.e. 92mm and

Calculation o f percolation on n weekly basis using a fa rte r o f

safety o f 1,5 would thus appear to  produce a reasonable estimate

o f leachate production.

The end o f the dry season figures o f actual extra moistjre are

about 46% less than the predicted percolation in both holes.

This fa c t tends to  emphasize th a t an accurate ( prediction o f

leachate generation is impossible, but th a t a reasonabir safe

"ballpark" figure can be used based on the worst case a t the end

o f the wet season, as shown above, An understanding o f the

various fa c to rs  a ffe c tin g  this figure will give a b e tte r valued

judgement o f Its  validity:

I) initial conditions assume a dry son (3%), and ar In itia l



the wet season and initia l refuse moisture can be extremely

variable ('rom  paper, a t close to ox, to  sluc'ge, which may' Be

greater than 160Z), depending on refuse type, s torage and

weather conditions.

II) In measuring percolation, there were a number o f  layers o f

mixed soil and refuse fo r which In itia l conditions have been

assumed fo r a ratio  o f I soli to  4 refuse,

III) The profile as shown may not be 100X accurate due to  the

mixing o f soil and refuse and the "blurring" o f the two contact

layers. The nature o f the refuse cell construction (shown In

figure 3.1) weens th a t the hole may have been angered through a

diagonal closed face In places, which would account fo r  those

parts o f the profile where refuse appears as a narrow layer less

than one metre tfilek,

lv) me hole its e lf may be a direct line fo r  drainage o f water,

thus making the pro file  w etter than Is normally the case. The

large reduction in moisture a t the end o f the dry season could be

due to  excess moisture from the hole walls seeping laterally into

the f i l l  under a suction gradient caused by the drier materials

within the landfill, samples are only taken from the side wells

o f the holes and thus small lateral movements o f moisture would

a f fe c t the analysis o f  the sample.

v) operational problems, discussed In section 3.3.1, such as
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completed water Balance.

X) Due to  fissures and o tr t  direct paths through the waste and

sell a certain amount o f water win not Be held in the waste

"sponge" But win produce leachate a t the base o f Ike fin . This

will account fo r the build up o f moisture in the Bottom layer o f

the auger holes a t the end o f the wet season.

4:4 Comparisons a t Coastal Par*

The profile o f lho uunor hole ui. Couslul PurK Is 3 'mixture o f

refuse and sand to  a depth o f six metres. Assurmr; the mix is

200mm o f  soli fo r  two metres o f refuse, this »;ii produce a

combined dry un>t weight o f 670 Kg/m3. A flc .re  o f fie ld

capacity fo r the rand has not been measured, but is sssumed to  be

similar to  llnbro ParK a t 15% (as supported by Perm e t at.M?) m

their table 2 o f  soil moistures).

Total water in the profile Is ,,vs 1625mm a fte r  f t  dry season

and 2106mm a fte r the wet season (I.e. from Hay 1523 to  October

1986). in itia l conditions assume a to ta l o f 1160mm o f moisture

In the profile. Therefore additional moisture la 645rm and 926mm

a fte r  the dry and wet seasons respectively. This ;,ves # to ta l

percolation o f 263mm. Predicted percolation from the monthly

water Balance (see appendix H) is 206mm per year ta tn  as a mean



Records Kept on site snow tn a t precip itation during this period 

was 465mm and leachate flowing through the Pase was (5mm. fan 

evaporation over the period was 333,7mm as measured a t D.F.Halan 

A irport. Working on d iffe rences, the actual evaporation and 

ru n o ff during this period = 465-1B-2B3

s (53mm.

Assuming zero runoff, due to  the nature o f the cover soil, and 

negligible tran sp ira tio n , the measured fig u re  fo r  actua l

evaporation Is about half th a t o f pan evaporation.

4,5 Leachate control measures

Notwithstanding all the theory o f how leachate is produced, and

In what quantities, i t  is ultimately the landfill operator who

can actually c o n tro l. the levels o f  leachate production, A poorir

run landfill in a water de fic it area can produce mere leachate

than a well run site in a water surplus area. The various

operational fa c to rs  th a t a f fe c t the production o f leachate are

lis te d  Below;

I) The landfill should never be sited with Its base below the

level o f the ground water table.

II) Waste should be deposited on a dry area with the deposition

surface sloping away from the face. Any precipitation win then



run o f f  and will -o t dam up In the area o f deposition,

III) Dally soil cc.er o f the waste' Is essential, so tha t runoff

will be Increased and In filt ra tio n  reduced. *  soil cover o f low

permeability heavy clay Is th eo re tica lly  best fo r reducing

In filtra tio n  and Increasing ru n o ff , but will crack when ft dries

out, and win tfavse problems fo r  vehicles In wet and slippery

conditions, in this case a th in layer o f gravel, old tarmac or

building rubble can be placed on top o f the clay as a driving

surface fo r vehicles, which will not a f fe c t  In filtra tio n  and wilt

reta in moisture in the clay, thus .reventfng I t  from drying out.

A well graded saner loam such as the soli at Linbro Park Is also

good as I t  has a relatively low permeability but retains a good

driving surface ar.d does not crack. I t  is however prone to

erosion and so requires constant maintenance,

tv) Tfte final cavtr may ee placed In a variety o f  ways;

a) Top soil placed directly over the wastes. This will give

any precipitation easy access to  the wastes and leachate

production win Increase. Landfill gas win be well

vented naturally through the cover soil.

b) A layer ef soil cover compacted slightly wet o f optimum

(fo r  lowest permeability a t the highest density), before

covering w.-.h top soil, care should be taken to ensure

that the grades will effec tive ly  drain away any excess

water, ess should be able to  vent its e if naturally.

c) A synthet: liner (eg, pvc or HOPE) placed below the



layer o f top soil. This will effective ly seal the wastes

from any percolation from the time o f Placement, care

must Be taken to  control drainage on t:2  o f the liner,

and to- monitor any settlement o f landf.'l which may cause

tears and reduce the integrity o f the Iner. Gas vents

will be necessary to  prevent e dangerous build up o f

gases below the liner,

d) A clay sealing layer can be pieced be lt* the final layer

o f top soli. This would be similar to  > synthetic liner

In th a t drainage and gas venting will i i  required, but

differentia l settlement would not be . as greet a problem

due to  the natural self-healing capaoi' ties o f clay.

However the clay must be well covered u  that cracking

does not occur due to  drying out,

vl) Aftercare o f the final cover Is very Impctant, Planting o f

veg e ta tio n  Is de s irab le  in th a t  f t  w fll Increase 

evapotransplratlon and reduce erosion, but has •.ie adverse e ffe c t

o f reducing run o ff, D iffe ren tia l settlem ent o f the landfill will

occur causing areas o f depression where pondlr.; will take place,

T im e should be filled  regularly, and the cover ng and repair of

surface cracks and erosion channels should be done as soon as

they occur.

vfl) An essential component o f leachate ms-sgement Is site

drainage. Excess run on from the surrounding areas should be

eliminated, end any precipitation tha t fa lls  on-: the site that



Is available fo r runoff must in fa c t run o f f .

vli!) The area o f operation should be contained to  tne smallest

practicable, so tha t there Is only a small catchment area fo r the

precip itation to  fa ll  on,

lx) irrigation la often carried out a f te r  closure due to  a site

end use as a sports ground or a par*. i f  a t an possible an end

use should be chosen such th a t l i t t le  or no Irriga tion  is

required fo r  Its  maintenance.

4,6 Recommendations to  Improve accuracy o f leachate prediction

More accurate predictions o f leachate generation are possible

with more accurate data. Records should be Kept a t landfill sites

o f details such as refuse cel! heights, dates o f deposition, In

situ densities, moisture and amount o f  cover used. Meteorological

data such as n ln ta n  and evaporation should be recorded. A

lyaimeter filled  with soil, using either soil moisture detection

devices or mounted on a mass measuring scale (fo r a mass balance)

would be a mere preferable and accurate Instrument to  measure'

actual soil evaporation. Runoff could also be measured I f  the

drainage system fo r the site allows I t .  With these records a

prediction o f leachate production using the water oalenee method

could be done with more confidence, There Is a method to  measure



the accuracy o f such a prediction, by Installing early warning

devices so tha t f irs t  appearance o f excess moisture Is known,

instrumentation is available fo r  installing below a site before

operations comments. This is ideally fo r  attenuation sites but 

containment sites can be Instrumented where early detection o f a 

leak Is required. The sensors installed will most usually be able 

to  detect pore water, water con tent, soil auction or soil

te m p e ra tu re .

The f ir s t  two detection Instruments are related, The pressure 

vacuum lyalmeter, consisting o f a porous cup with a vacuum 

applied to  the nslde, will suck water from  the pores o f the

soli, and bring t ie  sample to  the ground surface through tubing 

by using air presure or a vacuum, The lyalmeter however does not 

work in relative!! dry soils (83). The wlek assisted lyalmeter 

with vacuum extraction, or Waive, developed by Ball and Blight, 

works on a similar basis. A cone o f  fine grained f ilte r  material 

catches the liquid which drips down a wick Into the catching

receptacle, The Weive has net however been proven at this stage,

There are a ninber o f soli moisture sensors, The simplest and 

least expensive vsuid oe the resistance block made from gypsum,

nylon or flbreglasi, The block is porous and absorbs water from 

the surrounding ion thus producing a change in Its electrical 

resistance. Hundreds o f blocks could be burled below the landfill 

to  provide a »tl1 spread grid fo r excess moisture detection.



sophisticated. a grid o f horizontal access tuoei can be pieced

below the landfill end the probe passed thr:ugh to  give a

continuous log o f moisture In the soil adjacent : i  the tube. An

advantage o f the neutron probe Is tha t It can be serviced and

calibrated above ground, resulting In more reliable results.

Heat dissipation sensors measure the ra te  o f heat dissipation

around a probe, which normally varies with soil moisture content.

Ti,a sensors are Inexpensive and durable and can te used In a grid

similar to the resistance blocks. Capacitance senors monitor the

soils dielectric constant which varies according to  Its  water

content, Finally earth resistiv ity can be measved with metallic 

plates or rods burled In the ground. The residence varies with

moisture In the soil and the e lectro lyte concentration o f the

Other de tection  devices measure the actusl soil suction,

Tenslometers measure suction o f relative ly moist soils but are

expensive and must be fi l le d  w ith a liquid, thus requiring

regular servicing. Thermocouple psychrometers can monitor changes

In the suction o f a relative ly dry sell and would be be tte r

suited to  landfill leachate de tection ,

A relatively Inexpensive system o f sensors o f mor# than one type 

can be developed which would give an early warn-g o f the s ta rt 

o f a leatnate plume. If this is tied Into a system with accurate



■I.



5. CONCLUSIONS AND RECOMMENDATIONS

3.1 summary and conclusions :

The aim o f the Investigation was to  find a reasonably accurate

method fo r cre'dlctlng the flow o f leachate In a landfill. This

In itially invol.ed a study o f the d iffe re n t parameters in the

water balance. Rainfall proved to  be the simplest to  measure,

while evapotnnsplratlon, ru n o ff and In filt ra tio n  are a lo t mere

complex. The method Involves a number o f broad assumptions with

li t t le  confidence In the final accuracy o f the results.

As a basis fo r design I t  is recommended th a t a weekly water

balance shoul: be calculated inducing a fa c to r o f safety o f 1,5

In the final percolation figure. This la based on a potential

evapotransplrat on o f 0,7 x pan evaporation and using a runoff

coe ffic ien t according to  slope and soil type,

A double check on predicted percolation was available In the form

o f large diameter holes augered through the landfill, These were

sampled a t regular Intervals . and analysed fo r  a number o f

parameters t :  give an approximate measurement o f the flow of

leachate thrcvgh the fi l l.  Again the method can tie subject to

errors depenecg on the composition o f the sample taken, but It

provides a nearer Indication or the ex ten t o f migration, and



permeability or specific gravity



recommended above. i t  also snows very clearly the changes in

moisture in the landfill from season to  season.

Testing fo r the geoteehnieal properties of refuse and soil in the

laboratory again snowed up the widely .srying behaviours one can

expect from  waste m aterials. A fig . re  fo r  fie ld  capacity,

permeability or specific gravity can vary fo r  composition, sta te

o f  decomposition and density. The important point being brought

to  light is th a t these properties are tuantlflable, and the more 

tes ts  done to  quantify them, the more- confident a designer will

become In using the figures.

Sampling o f

in te resting, 

s o f  surface 

Indication o f 1

near surface ursaturated zone proved 

t  produces a te l l  ta le  history

contamination fr :m  various sources,

e attenuation msrnanisms at work In

soil and i t  can highlight the emergence o f a possible leachate

fro n t. i t  also shows th a t contaminant migration la not only

vertica l but can be In the horizontal erection as well,

conclusion th li 

a detailed i 

understanding

Investigation has p< 

t least weekly) wei 

f  the shortcomings

geoteehnieal properties 

be quantified within

balance calculation, with 

the method. It showed 

even i f  widely varying,

• ts .  fu rth e r, leachate



capacity o f the fi l l ,  Tfius tne landfill deilgner and operator 

should promote surface ru n o ff end evapotranspiration wherever and 

whenever possible.

5.2 Recommendations fo r  fu tu re  research

The auger holes a t Llnbro Park and Coastal Par* have produced 

Interesting and useful resu lts. There is however no conclusive 

evidence as to  where the water is going, and i t  Is suggested that 

these holes be resampled a t least a t the end o f the next wet and 

dry seasons to establish a trend.

More extensive tests  are required to  establish the geotechnlcal 

properties o f the d iffe re n t types o f refuse, and to  eorflrm  

figures measured !n th is report.

Research is required Into the suitability o f  the d iffe re n t types 

o f monitoring Instrumentation to  South African conditions.



APPENDIX A ; AMERICAN SOIL CONSERVATION SERVICE RUNOFF ESTIMATION

Waniellsti (<D describes a method fo r  estim ating storm watef

ru n o ff a  developed by the American Soil Conservation Service

(SCS). i  this system the slope o f the surface is not considered

but t  * excess ra in fa ll (I.e. th a t amount th a t will not 

In filtra te ) can be estimated and I t  is this excess rain that

leads t i  runoff.

The SCS divided soils Into hydrologic groups as shown In Table

TABLE A1. HYDROLOGIC SOIL GROUPS

A -  Lowest ru n o ff Potential I Includes deep sands

with very l i t t le  s lit and clay; also, deep,

rapidly permeable gravel.

B - Moderately low ru n o ff po ten tia l. Mostly sandy

:oils less deep and less aggregated than A, 

but the group as a whole nas above average

in f i lt ra t io n  a f te r  thorough wetting.

C - Moderately high ru n o ff  po tentia l. comprises

shallow soils and soils containing considerable

day and colloids, though less than those c f

group D. Below average in filtra tio n  a fte r



D -  Highest ru n o ff  po tentia l. Includes mostly clays

o f high swelling percentage, but the group also 

includes some shallow n ils  with nearly

impermeaDie subhorlions near the surface.

NOTE i A mixed designation I.e. B/D refers to  dralned/undralned

natu ra l s itu a tio n .

The antecedent soli moisture condition a ffe c ts  in filtra tio n  Into

the soli and I t  Is thus taken Into account by assuming one o f

three antecedent moisture conditions as in Table A 2.

boromoK i 

:ONDITION 2 

CONDITION 3

soils ere dry Sut not to toe wilting point 

The average ease

Heavy ra infa ll, or light rainfa ll with low 

temperatures, has occurred producing high

ru n o ff  p o te n tia l.

Runoff curve numbers (CN) can then be found from Tables A3, A4 or 

AS, depending on land use, and a ijusted In Table A6 fo r

antecedent moisture conditions.





9 = CP -  0,25)2 /  (P ♦ 0,05) If

S s 25400/CN -  854 (mm)

where p s precipitation (mm)

with conservation

maximum storage o f moisture a t any time Is then calculated by

rainfall excess available fo r runoff by 9

Table A 3 : CN (moisture condition 2)





commercial and business ai 

165% impervious) 

industrial districts (72% 

impervious)

Residential :

Average lot size

Average % 

Impervious

61 68 91 93

Paved parking lots, roo fs , drive'

Roads i Paved, with curbs and 

stormwater drains





w m w

Taoie AS : CN -  Impervious areas

(moisture condition 2 )
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APPENDIX C i PERCOLATION MEASUREMENT 6 r VA TER BALANCE.

rue daily imatesraiogfcat dsts a t Unbro Par* between 1 September

19B7 and 31 August 1968 was used to  estimate percolation Into the

f l ! l  over te a t period, A number o f caale assumptions and

measurements were made as follows ;

a) The soil is a decomposed granite with 79,5% sand fraction and

20,5% s ilt and clay fraction but has low permeability and

thus a below average in fi ltra t io n  capacity, Therefore use

hydroioglc sol! group B /c  (Appendix A),

b) Vie antecedent soil moisture condition I i I f  no rain fo r 10

days or more

mor<i than 1 day,

3 i I f  more than iOmm

fell on previous day or more than 25mm fe ll In previous 3

days. ;At a permeability o f fx ic r5cm/s water will seep

8,6 mm/day fo r I ® |)

c) Consider land use as range land (poor condition) or pervious

areas (poor grass), Therefore CN = 63.

a) Available water storage Is 100mm (Thornthwalte and Mather

<T3))

e) ;#pth o f top cover z I m,

f ) , . Potential evapotranspiratlon = 0,7 x pen evaporation,



from tfi« calculations It appears tha t percolation f ir s t  occurs or

30 November 1987, on 3 da/s In December 1987 and then again fo r 5

days in March 1968 fo r a to ta l o f 64,4 mm In the year, Doing the

same calculation but using a run o ff fac tor o f 0,1125, percolation

also f ir s t  appears in November 1967, but results In a to ta l o f

133mm fo r the year.

Doing the same calculation on a monthly basis, there will be zero

percolation in the year using the SCS method fo r  ru n o ff



APPENOW D i FIELD CAPACITY DETERMINATION

Field capacity o f  refuse was determined us ng tm

method? :

1. Refuse ■ was placed into n o  l i t re  pebitnylene bins and 

compacted by hand to  d iffe re n t densities. "fie fn itlai melt tore

content o t the refuse was taken from  a -eoresentatlve sample.

The refuse was then soaKed In a measured volume o f water (using a

flow meter) fo r 24 hours. Holes were then c-iiled Into the base

o f the bine and the water allowed to  dra ? Into a measuring

container overnight (this was done to  redu:t the e f fe c t o f

evaporation). This method was only used fo r f i s h  refuse and was

a more crude method than method 2. Results e t i be teen In Table

2. A steel cylinder o f diameter 393mm end hei;nt 535mm was used 

to  hold the refuse. Holes were drilled into the side o f the

cylinder, level with its  base, to  drain the water. The inside

was lined with a geofabric before placing the refuse in Its loose 

sta te. The refuse was soaked In water fo r  5 Hours and then 

allowed to  drain overnight.

The refuse was then compressed in an Am&ter loading machine to

d iffe re n t densities while measuring the volume o f water seeolng 

out. The proisdure was done fo r 3 d l f f e r r :  ages of refuse.



5 year old), and results

TaBles 02 and Fls.re 3.12,

# 0
Density density

(kg/m3)

capacity



dsdiif lection

hsrefuse height

:water content (% o f dry maw)

:asnatf (wiwet; dsdry)

(X)  (*g/ffl3 ) (Kg/m3)

h|s43&nm, W|=)5,6Z freeti refuse.

433 0 T ,30 119 306

hj=3flSmm, w|:3 3 ,4 Z  fresn refuse



LOAD

« p .) imm) (mm)
e z U g/m -;

rest 3 : m |= l8 , IK9 1 hji405mm, Wj 4 0 , 4 X , old re-jn

0 0 0 405 0 73,3 486

0.73 302 0,25 649

6,73 79,0 230 0,46 4,04 71,6 665

16, ' 165 0,54 3,26 65,5 992 599

24,79 241 0,60 1078 676

261,2 W 0,63 55,9 1152 739

0,64 1.S2 MTO 760
<i|s435mm. »i 46,2%, , yea. old pe«,j*

» 0 0 c 4 ,08 489 280

e.,3 $•! 0,22 3,96 73,7 621 356

75,0 322 0,51 . . . . 969 573

16,73 <43.7 246 137 0,57 65,0 1076

212,5 261 0,60 - ,26 61,8 1 135 701

261,2 160 0,63 1202

40,73 343.9 154 0,65 1,20 . 1222



<m> W ] (mtn) (mm)
6

[Kg/ir.3 ) M /m  3)

rest s: TililS.OKg, fysSaomm, w = 4 2 ,ax. 5 fsar oM refuse,

0 0 0 300 0 4,65 6 9 ,C

0,73 6,3 65 295 0,22 4,62 86,9 306

75,0 0.52 4.24 63,2 90S

143,7 159 0,58 ?a,3 10 )!

N .7 3 212,5 0,62 1096

:*«  : 0,64 1153 666

349,9 250 0,66 6B' 5 H69 694

Test 6 D|z455mm, W; = 35,4X 5 year old refuse.

0 0 0 0 4,40 351 196

127 0,28 4 ,40 275

6,73 75,0 268 0,59 3.98 73 ,( 483

15,73 3,56 955 564

84.73 306 147 0,66 66,9

32,73 261,2 318 137 0,70 63,3 1075

40 73 349,9 325 130 59,0 H03



APPENDIX F. 1 PERt-lABIUTY OETERHINATION OF REFUSE.

The permeability ^ term ination was an extension o f the field

capacity te s t m Ap:enaix D. A shower nozzle was used at the ena

o f a flow meter so tha t the rate o f  "showering" the refuse

equalled t»e ra te  t f  water seeping out o f the Base. Times were

then' taken fo r voiurr.ss o f water to  seep through the waste and the

permeability equated By :

* •  :  <U /tM

where 0 = volume cf flow (cm3)

t  i  time In seconds

A :  cross sectional area (em2)

Due to  the inconsistency o f refuse i ts e lf  properties sucfi as

perm ea& llltr or fie ld capacity are impossible to  pin-point

accurately, but a 'ballpark" figure can be used with relative

confidence. Results are shown in Table £ I and in Figure 3.13,



density

(kg/m3)

density

Volume

(Seconds)
(cm2)

Permea- 

x (em/see)

153 0 17660 2,5X10-3

' <63,5 666 90000 f 4760 2030 3,0X10-3

235,3 625 90000 2700 2050 1 ,6X10-2

290,0 759 90000 13320 2050 3,3X10-3

163,a 90000 16960 2C50

225,6 510 90000 12760 2050

409,4 767 60000 12300 2050

" "
1,620 aoso



APPENDIX F l DETERMINATION OF REFUSE MOISTURE CONTENT.

Previously the moisture content o f refuse was determined by eve-

drying a sample a t I05°c fo r 24 hours (Bali (57); and va-.

Rensburg (761). However observations o f the refuse show the:

some putresclbtes begin decomposing very quIcMy a t th li

temperature, and certain volatile organlca are driven o f f .  *

tes t was run on a number o f samples drying a t 50°C and was found

to  stabilise a fte r between 5 and B days the temperature was the-.

Increased to  I06°c fo r 24 hours and the extra "moisture" glve-

o f f  was calculated.

The moisture content In all cases Is tha t determined a fte r ove-

drylng a t 50°C fo r 7 days on a percentage o f dry weight basis,



APPENDIX G l EXTRACTION OF LIQUOR FOR ANALYSIS.

Ttte extraction process was develops: so Vhat, even I f  a

quantitative calculation o f pollution Is not possible, I t  can be

a standard fo r a comparative evaluation of the refuse.

The extraction Involved the addition of 500m! o f distilled water

a t 166C to  2000g o f refuse. The mlxtve was then vibrated a t a

frequency o f 50 Hz fo r 30 minutes. me supernatant liquor was

then drained through a rough f i l te r  ( r  this case a "Bfdlm UI4"

geofabric) into a clean i li tre  b o tr* . a fu rth e r soomi o f

distilled water was added and the •••ocess repeated. I t  was 

repeated again fo r a th ird time. The liquor thus extracted was

then centrifuged a t 9000 rpm fo r betv,sn io and 15 minutes to

remove all the suspended solids. I t  «as then stored in the

re frige ra to r a t 4°C until I t  was ear: to  the laboratory fo r

analysis.

The results from the laboratory were $ -en In mg/i o f  cue liquid

sent fo r  analysis. To ensure th a t tsmparisons were consistent 

the units were 1 then converted to  mg/i$ o f dry refuse by the

formula;

mg/dry Kg = mg/ilt.'re x (1,5 litre  .1 t  w)/5Kg)

where : w = moisture content o f the refuse (on a dry weight



APPENDIX H; WATER BALANCE CALCULATIONS FOR LINBRO AND COASTAL

The water balance has Dei

Coastal Par* using 20 year

as supplied 6r the " ju th

3,3,1), The calculations are

and results are1 plottedln

i  calculated a t Untire Par* ana a t

mean ra in fa ll and evaporation figures

African Weather Bureau (see section

shown In tables Hl(a) and (b) below

figures,g.

COASTAL PARK WATER BALANCE





APPENDIX I: PREDICTED PERCOLATION AT LINBRO PARK

section 3.3,1 produces a percolation figure a t i  *3ro Park o f

136mm p,a. 6elcw a , lOOOmm vegetated cover, and aiamr p.a, betow a

200mm bare soil cover, The moisture holding cajaelty o f the

sod w Its fie ld capseiti' (15%) mlnos the w llt tr ; point (3X),

and its  In situ dry density Is 1620 kg/m3.

Therefore the volumetric water holding capacity s iMmm/m

Similarly the refuse fie ld capacity (SOX) less I-- tla l moisture

content (20%) and In situ dry density o f 824 Kg/m3 gives a water

holding capacity fo r  municipal refuse = 3somm/m.

For predicting pe rcolation the p ro file  is oonsictred In two

stages, that tipped Before 1976 and tha t tipped in 1986, Assume

6 years subject to 200mm cover, then 9 year; under 'm cover, then

2 years under 800mm, end finally 1,5 years under 1it. o f vegetated

cover. The to ta l percolation la then i |

6 X 813 «■ 9 X 136 + a x £13 ♦ 1,5 X 136 = 3240mm

Extra moisture holding capacity fo r each hole is i

a) North Hole -  5900mm sol! = 1145mm moisture

OTSOmm refuse r  2689mm moisture 

2800mm mixed $ 648mm moisture

Total moisture s 4802mm



fc) South hole -  9850

6850mm



APPENDIX J: MEASUREMENT OF EXTRA MC TURE AT LINBRO PARK

To measure the to ta l moisture In each hole the water content as

measured In the laboratory was applied to  each layer (soil or

refuse) to get a volumetric measure o f to ta l water using Known

dry densities.

This resulted in a to ta l water content o f 4715mm In the north

hole and 5420mm In the south hole a t the end o f the wet season,

and 3646mm (north hole) and 3603mm (south hole) at the end o f the

dry season.

In itia l moisture conditions In the p ro file  had to  then be

subtracted to  ca lc la te  the additional molstureln the holes,

Based on refuse In itia l moisture o f 20% end soil o f 3% gives

in itia l conditions as 2112mm moisture In the north hole and

1936mm In the south hole, Table VI summarises the results below:

ADDITIONAL MOISTURE IN PROFILE

season End dry season

NORTH HOLE 2609mm 1734mm (33% reduction)

SOUTH HOLE 3564mm 1767mm (50% reduetloi,
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