The project does, however, have implications for a wider field than the Sappi
Enstra landfill site. Many sites in South Africa, which now require 10 be closed
according to the Minimum Requirements, have been operating for at least 20
years. Given the absence of tegulations then, no provision was made for the final
capping of the landfills, and no material stockpiled for the purpose. Once material
has 1o be imported for capping, costs increase by orders of magnitude. In addition,
South Africa as a whole does not have an abundance of clay, and ureas rich in
good clay are often prized for other uses. such as hazardous waste sites and
brickwork quarries. The use of aliernative capping materials, which are readily
avajlable at low cost, would therefore he of considerable bepefit in the waste
management field,

The use of waste products as capping materials also reduces the waste stream that
is landfilled, and ensures that a waste product is reused as a material with a
heneticial use. This is in line with waste re-use practices.

L.2. _Objectives

The objectives of the project were:

» To conduct an extensive literature survey, particularly to determine
the exten: and behaviour of paper mill pulp used for landfill
capping. and

» To determine whether the pulp produced by Sappi Enetra could
meet the hydraulic conductivity requirements specificd by the
Deparment, by means of a series of lahoratery and field tests, as
well as the mixture of primary pulp and secondary sludge suitable
for this purpose.
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1.1. . Background

This project was initiated because the Sapni Tinstea Tandfill was nearing the end of
ity site lfe, making closure and rehabilitation necessary.  In accordance with the
South  Afrfean  Derartment of Wawer Affairs &  PForestry’s "Minimn
Reguirements for Witcte Disposal by Landtil” (Departineit of Water Adlairs &
Forestry. 1994), the rehabilitation of the site includes the constrtetion of a clity
cap with a maximum hydrulic conductivity of 2,78 x 107 an/s, as well as a
topsoil Iayer to support vegefation,  Tenders received for capping the landfill
showed e cost of the cly capping and topsoiling (o he extremely high. as afl this
material would have to be imported trom sources remote from the linsna site.

Apart from this, the exeavation of some 120 000m' of clay and topsoil coukd

ereate wn envitonnental scar eisewiiere which would also need 1o be rehabilitated.

Ms T. Walton of Suppl's Researeh wid Development (R & D) Departmett i
previously conducted o literature review of references relating to the sugeessiul
use of mixtures of primary and secondary sludges and 11y ash to form capping
layers on Landfills in the Uniled Saes of America (USA), ‘The results of several
studies on the subject have been published, and sludges have been suceessfully
gmployed o hoth line and cup several latdfills internationully (NCASL [98Y;
NCASI 19903, Considering that Enstea Mill produces large quantities of pringry
sludge, and has produced seeondary sludge sinee the commissioning of ity
activated sludpe treatmient plant, an investipaton into dwe sultability of mistres of
these muateriuls Tor use as » enpping layer o the Fista site was certainly
worthwhile when considering the potentinl cost savings to be achieved.

Jurrod Ball & Associntes, together with Sappi Linstra, presented twe coneept jo e
Department of Water Affairs & Torestry  (the Departimenth,  owtlining  the
investigational approdeh to be used in jdentitying suitable sludge capping layers,
The Bepartment showed interest in the project, amd it was therelore undertaken.
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STRACT

Ag atterapts are made, through new regulations, to "improve landfill standards in
South Aftica, while competition is experienced for limited resources, acceptable
alternative techrologies for landfills are sought, Paper mill pulps and sludges
have been tested, and used, extensively for capping landfills, particularly in the
USA, The purpose of this study was to determine whether the pulp and
combined sludge produced by the Sappi Enstra Mill, in Springs South Africa, is
suitable for the capping of their landfill.

Trends in the landfilling of waste, the use of various hydraulic barrier systems,
and comparative testing programmes are reviewed. Laboratory and field tests
indicate that the Enstra pulp and combined sludge are suitable for the capping of
the landfill as they meet hydraulic conductivity specifications, and resuilts are
* similar to the tests conducted in the USA. In addition, the use of the pulp and
sludge has advantages over the use of clay.
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evaporation aud water balance are not always applicable. Blight (1992) shows
that the concept that moisture cannot evaporate from the landfill once it has
passed through the landfill cap is incorrect, The in-situ monitoring exercise
reported by Blight (1992) also showed that the concept that moisture can only be
drawn owt of & profile to depth of 300mm is erroneous, but that evaporadon
extends to depths of at least 1m, and may have affected the entire profile, tv a
depth of 15m. This work was done on the Linbro Park lundfill in the
Johanneshurg area, about 45km west of the Sappi Enstra landfifl.

Simple water balanee studies involving general estimates of quantities of water
infiltrating. evaporating and being stored, withomt considering tie actual
mechanisms »f moisture movement, can lead to wide margins of error (Blight,
1992). Un aceount of channeling, the concept that the landfill will draint only
once field capacity is reached appears to be false.

The validity of the water balance approach in predicting leachate generation in
arid and serui-arid conditions has been questioned (Parsons, 1995). He contends
that the approach is not compatible with groundwater recharge knowledge in
these conditions. This is due w the appraach ignoring the effects of locat
ponding and recharge through discontinuities, which are significant in these
climates. The approach must therefore be used with caution in evaluating
landfills n arid and semi-arid regions, and a conservative approach should be
adopted.

2.8 Landfill Caps

Final covers, or caps. serve a varlety of functions for both new waste disposal
sites as well as old sies that require remediation. Final cover systems ar o
critical component in the veerall process of managing liquid and pas novemnent
imto and out of a waste body. D o the wide variety of wastes landfilled, as
well ax site specific conditions, suen as climate, waich influence the progesses



_ 13
generated by landfill sites, (Blight, 1992,

From the water balance equation above, however, the influence of caps in
potentially reducing the quantities of leachate generated may be seen. The design
and slope of the cap may serve to reduce the infiltration term. by maximizing
runoff and interception. The steeper the gradont of the cap, the more rainfall
will hecome runoff, as seen from Table 1. If the cap has low permeability
{barrier) layers within it. less precipitation will infiltrate into the waste body.
Ponding occurs more readily on barrier layers, so that runoff will be increased.
A percentage of the moisture stored in the upper portion of the cap will become
available for evapotranspiration before it permeates the barrier layers. The
chuice of vegetation can also serve to maximize evapotranspiration.

Table 1
Percentage of Runoff Guidelines (andapted from Peyton and Shroeder, 1993)
“Description of grass ' Percentage of runoff
Slope of grass surface
covered soll expected
Flat (<2%: 51010
Sandy soll T kh:lﬁ:iﬁt":-'? A Iiﬁht(; K R

CIEET R B -&t!c.‘r SR It RS 1 TR ne

15 00

S R
Clayeysot | ~ Mild (,‘?%) Jﬁ 18 m g
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Liners and drainage systems serve to ensure that the leachate pencrated is
prevented from entering the underlying soil except in certain speeified
quantities, hut is collected for storage, treatment or disposal.

In South Airican conditions, particularly with the low rainfall and high
evaporation found on the Highveld, the findings of overseas studies on
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stored within the cap and liner.

The water balance can therefore be written as:

Walal+ET+5

where W is the initial moisture content of the refuse
I is the fraction of precipitation which infiitrates
L is the flow of leachate from the landfill
ET is the evapotranspiration from the landfill
§'is the water absorbed by and stored in the refuse

Rewriting the equation to calculate the volume of leachate generated gives:
Lol a]lwEl=Y

The infiliration term could alternatively be expressed as net precipitation, or
precipitation, P, minus interception, €, minus runoff, B. This nivee the

]

equation:

LalaPet'=R-LT=S

W, the initial muodsture content of the waste makes a single contribution to the
water balance, at deposition, while infiltration. evapotranspirntion, and leachate
movement out of the waste body may occur continucusly. The water kalane
gquation is therefore ewritten as:

2 LW+ Y PeF -3 R ET-8

Figure 3.1 shows the detailed water balance in a sanitary landfill (Hojem, 1988).

The water balance principle 18 used to determine crop water requirements, water
requirements of cities, ecological zones, and to predict quantities of feachate



10

to produce leachate. estimating the expected quantities is vital for the design of
collestinn, storage and treammont systems. (Peyton and Shroeder, 1993)
According to the law of the «.viet 7ation of mass, the mass of water entering a
system must be equal to the sum of the masses of water leaving the system and
retained by the system.

In the case of a landfill site, the water enter ng t18 system comprises the
following:

o Initial water content of the refuse

» That fraction of incident precipitation which infilteates

» The fraction of surface water running onto the landfill, which infiltrates
s Groundwater moving into the waste body from surrounding soils

s  Water produced by chemical and biochemical reactions

‘The last component is assumed to be small, and is usually neglected in water
balance caleulations. Sanitary landfills should be sited such that runoff from
other sub-gatchments does not run onto the landfill, and groundwater does not
flow into the wase. These two terms are therefore neglected. (Blight, 1992)

The water leaving the landfill comprises the following:
s evaporation
« transpiration

¢ flow of leachate from the bottom und sides of the landfill

The evaporation and transpiration terms are generally combined to pive
Svapotranspiration.

Water stared in the system includes water storage within the waste body, and
may include any water present in drainage systems within the landfill, and water
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support attenuation, assuming a hypothetical landfill situation.

The main objective of a waste disposal facility is to comtain the waste in a
manner that is protective of human health and the environment (Daniel. 1993a).
Regulations often dictate the minimum technolopy that is required to minimise
risk: associated with waste containment fucilities. The goal of waste containment
is to minimize leachate generation, and to remove and treat any leachate that is
generated, This concept is generally achieved by encouraging drainage and
limiting infiltration, using bottorq liners, underdraipage systems, and caps. A
potential flaw in this concept is that the life of hottom liners and caps is limited,

while leachate collection and treatment can be necessary for comsidr ‘e
periods, However, the “dilute and attenuate” stratepy (whete chemical, phy.al
and biological processes within the waste body and the underlying soils are
relied upon to attenunte pollutants) is no longer seen as sufficient for many sites.
Sites are, however, still selected based on attermation capacity of soils, among
otsr factors, so that pollutant attenuation occurs for allowable underlying soil

infiltration rates,

The objective of the landfill desipn should not be to stop the release of all
chemical species for an infinite period of time, as this is unrealistic, Of concern
should be bow much leachate will be released from the landfill over time, and
what the environmental impact of this release will be. For welldesigned
facllities. the quantities of chemical species released in the leachate are limited
and the short and long term environmental impacts are negligible, as atrenuation
capacity is not exceeded, (Doniel, 1993a)

2.4 The Water Balance Prineciple

The water balance principle accounts for the effects of many hydrological
processes on water movemen: at 4 site, amd governs the quantity of feachate
generated by o landfill, Water balance or water budget caleulations are useful in
determining whether a site is likely to produce leachate. For those sites expected
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to conserve space. Th. sanitary landfill began to hecome commanplace in the
USA shortly after World War I1. ‘The sanitary landfill represents a significant
improvement over the open dump, due to reductions in public health risks, and
general improvement in the aesthetics of waste disposal. Engineered liners for
waste disposal facilities did not become routine in the USA until the 1970s.
Regulations have driven the improvement of landfill practices in the USA and
most other countries (Daniel, 1993a).

Waste disposal sites, if not sited, designed and operated properly, can have
significant health and envitonmental impacts. Uncontrolled dumps host rodents
and flies, which carry disease. Uncontrolled burning causes air pollution, If
waste is not covered, odours and windblown litter cause impacts on the
surrounding environment and communities. If landfill sites are not properly
designed, and drainage systems are not provided to divert upslope runoff avound
the waste body and to drain contaminated runoff and seepage away from the
waste body. leachate (the liguid that seeps from the landfill) and contamination
problems may arise. The leachate produced may seep through the soils
underlying the waste body to contaminate the ground water, and may flow into
rurface water bodies, contaminating these. In some instances, the groundwater
may be in direct contact with the waste, 50 thar pollutants are leached directly
from the waste body into the ground water. If wastes are not covered, it has
generally been accepted that more pregipitation and runoff are absorbed,
Increasing the potential for leachate generation. In South Africa, where water is
a scarce resource uver most of the country, its pollution is {rresponsitile.

In a study conducted by Ham and Booktler (1997), the henefits of covering were
questioned, Lysimeters run for seven years indicated that more runoff but less
evapotranspiration was achieved with soil cover, 50 that leachate raws were
approximately the same with or without cover, Carey et al (1997) used
sumerical modelling to show that the use of low permeability caps may cause an
impact on groundwater if insufficient microbes are released by the landfill to
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with the reduction in the mvisture contemt of the inceming wastes, as well as
evaporation of recirculated leachate, the leachate quantines collected have reduced
by somie 75% in the last year.

An aupering exercise was carvied out on 20 and 21 February 1997 at the landfill
site to confirm that the entire site is underiain with clay. This was done using a
Williams LDHE0 Digger, equipped with & 450mm diameter flight. Fourteen holes
were drilled through the waste body into the underlying clay, under the full time
supervision of the consultants. From a consideration of the auger holes drilled, it
is evident that the entire landfill is underlin by clay materials with extremely low
permeabilities, f.e. the site bas a natural elay liner. The moisture in the landfill
has kept this liner moist (Jarrod Ball &Associates, 1997b). Alhough not the
objective of the study, the condition of the paper sludge in the landfill was noted
by the author during the exercise. The majority of the sludge excavated had
compacted to a dense, seemingly 'hnpenneable. grey mass, similar in appearance
and texture to clay. No evidence of burning or significant decomposition was
visible on the samples taken.

The mean annual precipitadon for the Springs area. in which the Sappi Enstra
Mill is situated, is 728mm, and the mean annual evaporation in the vicinity is
between 1500 and 2000mm (South African Weather Buveau, 1997, The
temperatire extrentes experienced are 0°C 10 27°C, so that freeze-thaw cycles
are unlikely to occur as they do in the USA, and so are unlikely to affect
hydraulic barrier layers in the area,

2.3 Landfilly

Landfills are generally the final repositories for unwanted or unusabde wastes.
Until the middle of the twentieth century, nearly all wastes were discarded in
open, unengineered dumps. The most common waste dumps were natural
depressions, such as flood plains, and mined out areas. Waste was often burned
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aesthetically acceptable. (Ball et al, 1993)

The use of low cost, alturmative materials in achieving the objectives of the
Minimum Reguirements could make a significant contribution to economically
and enviromnentaily responsible waste management in South Africa,

2.2 Sanpi Enstea B round

The Sappi Enstra Mill has been in operation for over 50 years, and produces
flne papers. The Mill currently produces primary pulp and secondary sludge
(which are mixed prior to dewatering 04 a belv press), coarse ash, and small
volumes of fly ash, builders’ rubble and peneral vffice wastes, all of which are
disposed of on the Sappi Enstra landfill site. ‘The waste quantities and
characteristics have recemtly changed significantly, particularly with the
commissioning of the new belt press and the effluent treatment plant in 1996,

The Enstra MUl landfill site {s lucated immediazely to the south of the Mill, within
the Mill property. The landfill appears to have been in aparation for as long as the
Mill, and the incoming waste stream has varied considerably over the years. due
to changes in processes, expansion, and wasie minimisation programs. The site
covers an areg of 27 hectaves. and is to have a maximum height of 14m once
completed. The climatic water balance of the region is negative; i.e. the lanafill
should not produce significant leachate as a result of the ambient climate.

However, on account of the high moisture content of pulp disposad of in the past,
and the siting of the landfill adjacent to a water body, leachate formation has
oceurred, In terms of the Minimum Requirements, the landfill is classified as a
G:M:B” landfill (i.e. the landfill accepts general waste, the waste stream, at its
maxinum, will be between 25 and 500 tons per day, and significant leachate is
generated), and all the Minimum Requirements specified for GiM:B* landfills
must be adhered to. full drainage and barrier systems have been installed, and
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surprising. However, the activities of reclaimers and the sanitary landfill
pperation are contradictory, as the reclaimers prefer to keep the waste open for
reclaiming for as long as possible, while sanitary landfilling aims to confine and
contain the wast body in the shortest time possible. The landfilling of
hazardous and medical wastes on general waste sites, althoush illegal, still
occurs, and has serious health implications for reclaimer vommunities. The
disposal of spoilt foodstuffs and animal carcasses on general sites is also of
£oncern.

Waste disposal in South Africa is regulated and enforced by the Department of
Water Atfairs & Forestry. With the publication of the Minimum Requirements
series in September 1994, the minimum acceptable technology for waste disposal
sites was specified. South Africa has developed a unique graded system for its
requirements, wheteby sites are classified according to incoming waste type, the
size of the incoming waste stream, and the water balance. Sites expected to
produce significant quantities of leachate from the water balance calculations
require liners and leachate management systems Requirements are progressively
more stringent for larger incoming waste streams. Hazardous waste sites have
the most stringent requirements. The graded minimum requirements concept
works well in & country that has a wide range of climates, as well as regions that
vary from extremely sparsely to extremely densely populated.

The Minimum Requirements have the objective of ensuring that the most cost-
effective means are used to protect the environment and public health from both
short and long term adverse impacts of waste disposal. Particular objectives are:

s To avoid degradation of the general environment in which the landfill is
sited,

« To prevent pollution of the adjacent surface and ground water regimes,
and

* To ensure that the landfilling process is in itself environmentally and



2: _BACEGROUND AND LITEL ATURE REVIEW

2.1 The Waste Disposal Situation in South Africa

South Africa is curtently undergoing transformation, with the competition for
scarce resources ofien making responsible landfilling economically unfeasible,
In a status quo analysis of the waste disposal simation in South Africa conducted
in early 1997, many municipalities listed housing and the provision of basic
serviees such s water and sanitation as higher priorities than waste disposal.

Many of the waste sites in South Africa do not conform with the ‘nost basic
sanitary landfilling principles, with at least 43% not having upslope drainage,
35% not having sufficient cover material available on site, 41% sited in
quarries, and at least 19% having o access to plant. (Jarrod Ball & Associates,
1997a: database)

In the investigation. it was found that only 44% of the general reémaining
airspace in landfills complies with Minimum Requirements regulations, with the
majority of acceptable airspace in the larger landfills. By February 1997, only
26% of operating municipal landfills had been granted permits by the
Department of Water Affairs & Forestry (Jarrod Ball & Assoeiates, 1997a). In
order to improve this state of affairs, the voncept of progressive upgrading and
the use of simpler, sustainable technologies has been advocated, to avoid the use
of limited resources in areas of diminishing returns (Jarrod Ball & Associates,
1997a; Ball and Legg, 1997),

South Africa aiso has many waste reclauners, who live by reclaiming materials
from waste disposal sites for resale, as well as taking food from the wastes. As
many landfills were sited adjacent to poor, “hiack™ areas in the apartheid era,
and approximately 40% of South Africans are estimated to be unemployed, the
fact that most urban landfill sites support reclaimer communities is not
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» To cdmpare. in broad terms, the behaviour of the Sappi Enstra pulp
capping with the corresponding behaviour of similar testing carried
out overseas, 10 determine whether the cappings behaved in a
similar manner,

» To compare the behaviour of the Sappi Enstra pulp capping with
the corresponding behaviour of the clay control test installed, to
compare performance, as requested by the Department,

1.3. Project Overview

To meet the above objective, the scope of the project comprised a liserature
review, laboratory and field testing. The methodology and drwen » .4 for the
testing was loosely adapted from the National Council of the Paper Industry for
Air and Streamn Improvement (NCAS]) field studies completed in the USA.
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subjected to freeze~-thaw conditions (Othman and Benson. 1991).

Waste liquids may attack and effectively destroy earthen liners. Certiin clay
minerals are affected hy certain chemicals, resulting in significant increases in
hydraulic comductivity. The consideration of, and testing for, chemical
imcompatibilities are therefore recommended in compacted clay liner design
(Daniel, 1993b).

The statistical distribution of the hydraulic conductivity of clay has been
investigated for the purposes of predicting hydraulic conductivity. and for
establishing the samaple size necessary to deterntine that a specified standard IS
met with an acceptable degree of confidence. Hydraulie conductivity is often
agsumed to be log-normally distributed (Bogardi et al, 1989). which means that
the logarithms of hydraulic conductivity are normally distributed. Harrop.
Williams (1986) established the probability distritwtion of clay liner
permeability as the gamma distribution. Benson (1993) analysed data coiiected
frotn 57 sites, and determined thar two- and three-parameter log normal
probability distributions may be used to desgribe the hydraulic conductivity of
the majority of compacted clay hydraulie barriers. Benson {1993 gives that the
suatistical properties of hydraulic conduetivity vary widely. so that a flexible
distribution is needed to account for site-specific conditions. It is therefore
recommended that the distribution of the results schieved be tested for fit with
the distribution assumed.

To summarize, compated clay has heen observed to exhibit the following
characteristies, which must be taken into aceount in its use:

» Laboratory testing of hydraulic conductivity of compagted clay barrier layers
hay penerally underestimated field performance, depemding wn specimen
size. and construction practice. Field testing is therefore usuatly required w
verify predicted hydrliv conductivity
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clay soil. The compaction curves for solid with initially large (19mm) and small
{4.8mm) clods cmuﬁactcd with standard Proctor effort were significantly
different. For smaller clods, the compaction curve was much flatter, supgesting
less sensitivity to molding water contert. Examination of the sampies showed
the fate of clods and interclod pores during soil processing and compaction
controlled the hydraulic conductivity of the compacted soil. Soils with large
clods thai were com ucted diy of optimum had large, visible interclod voids.
Large interclod pores can be minimised and the effécts of clods avercome in
highly plastie soils hy compacting soil at a moisture comtent large enough fo
soften the clods so that they ¢an be remolded by the compaction ¢quipment. and
using a sufficiently large compactive energy to destroy even relatively dry, hard
clods.

Benson and Boutwell (1992) consider compaction control and seale-dependent
bydraulic conduetivity of clay liners, The field-scale hydraulic conductivity of a
clay liner depesids on the water content and dry unit weight at which it is
compacted, A criterion used to control construction should ensure compaction
wet of the line of uptimums. This condition results in remolding of clods,
elimination of interciod voids, low hydraulic conductivity at fieid and laboratory
seales,

Several studies (Othman and Benson, 1991; Othman and Benson, 1993; and
Bowders and MeClelland, 1994) have shown thac freeze-thaw causes changes ix
the hydraulic eonductivity of compacted clays. The hydeaulic conductivity of
compacted clay has been shown o increase by one to two orders of magnitude
because of freeze-thaw, but the magnitude of change depends on the ram and
remperature of freezing, The changes in hydraulic conductivity experienced in
the studies were limited to 0.3m below the depth of frost penctration, and the
increase in hydraulic condustivity can be reduced when effective stress on the
soil i$ inereased. This has brought about vegulations requiring that compacted
clay liners be covered with protective soil or waste layers prior to being
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withini each hir. The field data and models show that soil liners that are only 15-
30cm thick (one or two lifts) tend to be much more permeable than liners that
are 60-90cm thick (four to six lifts). Decreasing hydraulic conductivity with
increasing thickness was obsetved for poorly built liners as well as well-built
liners. Little reduction in hydraulic conduetivity is achieved, however, when the
thickness is increased beyond 60-90cm (four o six lifts). If at least four lifts are
used, the degree of bonding between lifts, i.e. the degree to which zones of high
horizontal hydraulic condugtivity at lift interfaces are eliminated, is far more
importart than the number of lifts. A reasonable minimum thickness for low
hydraulic conductivity, compacted sofl liners is 60-90cm (four tw six lifts),
Regulators have used the results of this swdy worldwide.

Details of comstruction are extremely imporcant. Construetion should he
inspected to ensure that deleterious nmterials are not used. that compactivn
water content and compactive effort are correct, that large clods are properly
hydrated and adequately broken down, and that the liner is not aflowed to dry
out once eonstruction is complete. To prevent desiceation it may be necessary to
cover the liner with soil. o flexible material liner. or sume other protective
material (Daniel, 1984). Benson et al (1994¢) correlated laboratory-measured
hydraulic conductivities with associated index measurements coblectsd during
construction of 67 compacted soil liners.  Lower hydraulic conduetivity
generally occurred at higher initial (as-compacted) sattration, Foeussing on
conditions that result in higher initial saturation withow. sacrifleing compastive
effort will often result in lower hydraulic conductivities. Lower hydraulic
condoctivity was also associated with heavier compactors. and compactors
classified as sheepsfoot rather than those classified as rubber tyre.

Benson and Daniet (1990} investigated the influence of ¢lods on the hydraulic
conductivity Gf compaewed clay, The results presented demonstrated that clod
size during soil processing and compaction significantly influenced the
compaction curve and the hydraulic conductivity of a highly slastie, compacted
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regulatory authorities, including the South African Ltepartment of Water Affairs
& Forestey (The Department of Water Affairs & Forestry, 1994).

2.6 .. Clay behaviour and performance

Many landfill sites have been lined and capped with elay. although its use has
been fairly limited to date in Jandfills in South Africa. Given that the Minimum
Requirements specify compacted clay liners and caps for mapy classes of
landfills, its use is set to increase in the country.

Much experience has heen gained through experience mostly in the USA., in the
fields of compacted clay liner design, laboratory and field testing. construction
practiee, and construction quality assurance (CQA) in she last 10-13 years,
mainty through changes in regulations.

Daniel (1984) presented data from four projects in which rates of leakage from
pomds lined with clay significantly exceeded the rates that would have been
predicted on the basis of laboratory permeability tests. The study coneluded that
thin clay layers should bhe avoided because they are too susceptible w damage
from desiceation cracking and because o permeable zone in one lift has wo
detrimental an effect on overall liner performance. The case histories presented
supgest that ticknesses of 20-60cm are not adeguame for some applications
{Daniel. 1984,

Benson and Daniel (1994a) investigated the minimum thickness of compacted
soil liners, wsing 32 case histories of in-gity measurements of hydraulic
conductivity of compacted soll liners. The swdy determined that the first-
passape time of a solute passing through a soil liner increnses with increasing
thickness of a lingr. Based on the modelling results, no optimum thickness
could be defined from first-pussage time. The gquivalent hydraulw conductivity
of a mubitift soll liner decreases with decreasing mean hydraulic conductivity
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Traditionally, compliance evaluation of earthen liners and caps was solely based
on results of laboratory tests of small diameter specimens (7 to 10cm)
(Trautwein and Boutwell, 1994). The emphasis on field testing arose in the
mid-1980's because of diserepancies between small diameter laboratory and field
test results, Daniel {1984) presented data from four projects in which rates of
leakage from ponds lined with clay significantly exceeded the rawes that would
have been predicted on the basis of laboratory permeability tests. The study
concluded that laboratory permeability tests are vseful for preliminary desipn
and for generai puidance during the final design. e.g. in comparing several
rogsible materials for use in constructing the liner, but that laboratory
permeability tests may yield significant unierestimates of the hydraulic
conductivity of liners (Daniel, 1984). Field permeability tests are mure likely to
yigld aguurate estimates of hydraulic conductivity than laboratory tests and, for
this reason, are recommuended as part of either the final design process or
construction verification. The findings were similar for a study by Day and
Daniel (1985). These studies sparked interest in the apparent discrepancies
hetween laboratory and field hydraulic conductivity testing. resulting In changes
in regulations, and ultimately design and testing methods.

The use of fleld testing represemts a significant change, because it s more
eostly. is sensitive to interpretation, and testing times are typically much longer
and can adversely affect construction sehedules. Benson et al. (1994b) give that
an alterpative o field measurement of hydrautic conductivity is to conduet
laboratory hydraulic conduetivity tests on specimens large enough to simulate
field-scale conditions. From research done by Benson ev al. (1994b), the test
results showed that hydvaulic conductivity at or near field-scale hydraulic
conductivity can be measured using block specimens with a diameter of 0.3m
and a thickness of 0.15m sufficiently large 0 measure mucropermeability
effects), Trast and Benson (1995) came to the same ronclusion, as did Wallace
et al. (1994), The laboratory egiipment necessary to test specimens of this size
is not availahle is South Africa to date. Field testing is specified by most
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A is the area of the liner. or the test
tis time

The hydrautic gradient is defined as:

D,+D,

o T Y

f

Where D, is the depth of ponding
D, is the depth to the wetting front

Hydraulic conductivity is usually caleuiated using the equation

km-»j:v
i

where I is the rate of infiltration measurad

The most important geotechnical parameter for soil liners or caps for waste
facilities is hydraulic conductivity. In typical practice, the vertical conductivity
normally governs the bareier ceffect. Regulatory agencies have increasingly
required in sine tests in addition to laboratory tests, to verify hydeaulle
conductivity. Several different in situ tests have been developed to determine in
sitw hydraulic conductivity, the most widely aceepted of which is the sealed
double ring infilrometer (SDRD (Trawwein and Boutwell, 1994},

An important point is that hydraulie conductivity is not an intrinsic property
which depends only on the material type, but is dependent on a number of
factors, inclodinyg sample preparation. degree of saturation, strass level, void
ratio, nature of the permeating fluid and direction of flow, These fastors require
consideration when evaluating the compliance of 8 bydraulie barrier (Trautwein
and Boutwell, 1994).
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Several alternative materials have been considered and investigated for use as
barrier fayers in landfill liners and caps, including fly ash (Edil et al, 1987:
Bowders et al, 1987), water treatment plant sludge (Raghbu et al. 1987,
rockailings (Weeks, 1993), blast furnace dust (Wagner and Schatmeyer, 1995).
flue gas desulfurization sludge (Krizek et al, 1987) and steet process solidified
residue (Pamucku et al, 1994). However, the alternative material that appears o
have been investigated in the most detoil, as well as used fairly extensively in
practice, is paper mill pulp or sludge (edele, 1987: NCASIL, 1989; NCASI,
1990).

2.0 Hydraulie Condncetivity Theory and Testing Practice

Hydraulic conductivity, or permeability, is generally defined as the rate at which
fluid passes throuph a medium. As hydiaulic conduetivity is dependent on
material structure, which consists of both small and large pore volumes, it is
necessary to define the terms “micropermeability™ and “macropermeabiliey™.
Micropermenbility refers to flow through micropores, the small void spaces
between soil pacticles or aggregates of soil particles. most of which are in
contact with adjacent soil particles, Magciopermeability refers to flow through
macropores, the larger void spaces corresponding to secondary struetute, such
as clod imterfaces, lift interfaces, shear surfaces and desiceation erachs.
Trawtwein and Boutwell (1994) give that 1 macropores are present, the flow
through micropores will be negligible in conparison,

Saturated hydraulic conductivity is governed hy Darey’s law wherg
()= kide
where {2 is the Row measured

k is the coefficient of hydraulic cotductivity
i is the hydraulic gradient
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L0 200mm TOPSOIL

(e, 7). 300mm COMPACTED CLAYEY
7rers SO (IN 2 X 150mm LAYERS )

~e WASTE BODY

Figure 2.3 Capping Requived For Sappl Eustra Landfill (The Department of
Water Affairs & Forestry, 1494)

The choice of the capping system must be balanced with the availability of
suitable material for capping and restoration both on site and in the locality.

Most ald axisting sites do not have enough suitable soils on site, and it js
necessary to import material. If.clays and clayey subsoil are used for capping.
this may take all readily available resroration material. In such cases an
artificial capping system. uch as geomembrane, bentonite mat, bentonite-
enriched sand or sbale, should be selected to retain available soil for the
vegetative and protection layer (Upited Kingdom Department of the
Environmient, 1996}

The critical factors that affect seleetion of a barrier layer design are climate, the
amount of differential settlement to which the cover will be suhjected, the
vulnerability of the cover soil o erosion or puncture, the amount of water
percolation through the cover system that can be tolerated, the need for
colluction of waste-generated gas, and the steepness of the siupe (Daniel and
Koerner, 1993}

Materials commonly used as barrier layers in landfill caps include compaeted
clay, compacted soils modified by the addition of bentonite or attapulgite clays,
geomembranes and gensynthetic clay liners (Daniel, 1987; Jesionek ot al, 1995)



18

Environmf;ntal Protection Agency consists of an erosion and vegetation layer
greater than 0,15m thick, and an infileration: jayer greater than 0.45m thick with
a minimum hydranlic conductivity of 1 x 10%cm/s (Jesionek et at, 1995; Moo-
Young and Zimmie, 1996a). This basic design is suown in Figure 2.2, When an
abundant source of ¢lay is not readily available or not in clnse proximity to the
construction site, the cost of landfill closure is greatly increased when alternative
hydraulic barrier methods such as geomembranes and synthetic clays are used.
In South Africa, the minimum final cover design depends on the site
clagsification, which in turn depends on the wast¢ type. incoming quantities and
site water balance, The final capping design applicable 1o the Sappi Ensira
landflll site is 300mm of clayey soil and 200mm of topsoil, vegetated (Jarrod
Ball & Associates, 1995). This design is shown in Figure 2.3,

Erosion
" cn p

Compog|le
Cap

Figure 2,2 Typleal EPA Capping Design (Jesionek et al, 1995)
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as well as landfill liners, given that certain differences in performance exist.
These differences can be summarized as:

¢ Liners are generally constructed on virgin soil, while caps are constrhcted

- over the waste body. Compaction of barrier layers on waste is often difficult,

as waste generally setves as a poor foundation, $0 that inclusion of 4
foundation layer in the cap is sometimes necessary.

s The specified hydraulic conductivities for landfill caps are generally higher
than for Iandfill liners, and caps carry less confining pressure.

o Landfill caps are more exposed to the elements than are Iandfill liners, and
therefore carry a greater risk of desiecation and freeze-thaw damage.

« Landfill caps are often subject to large differential settlements, which may
cause cracking and failure in compacted clay caps and tearing in
geosynthatics.

s Landfill caps are not generally subject to leachate permeation, as only
precipitation and runoff should come into contact with the landfill cap. The
cap usually does, however, come into contact with landfill pases,

The components of a flnal cover system for a solid waste landfill ideally
comprise a combination of some ar all of the foilowing:

« Surface erosion and vegetation layer
+ Protection layer

¢ Drainage layer

+ Barrier layer, and

e Foundation or gas collection layer,

Not »II components are needed for all final covers. A drainage layer may be
necded at a site that has high precipitadion, but pot at an arid site. {Daniuel 1993)

Fur rounicipal solid waste facilitles, the minimum cover specified by the USA
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The system's ability to withstand the effects of frost and hot weather
Availability of required materials

Construction of maintenarice vehicle access tracks and public footpaths
Durability of the system

Installation of gas well heads and coliection pipework

Installation of leachate collection manholes and pipework

Landscaping requirements including additional subsoil needs

Low permeability to minimise gas emission and surface water infiltration
The relationship between phasing of construction and the landscape
design for the afteruse

Recirculation of leachate if required

Alterations caused by gas derived from voli tile components of the waste
or decomposition products

Robustiess against settiement stresses

Stability on proposed restoration slopes

Surface water diumage

Erosion

The effects of roots and burrowing animals on its integrity

Deformations caused by earthquakes

(Danie] and Koerner, 1993; United Kingdom Department of the Environment,
1995: Jesionek, 1993)

Daniel and Koerner (1993) assert that bestuse of these site-specific
environmental stresses and conditions, the design of a cover system can be very
challenging. It is often more difficult to provide an effective hydraulic barrier
layer in a cover system than in a liner system because the cover system is
challenged by unknown and unquantifiable stresses that do not act on liner
systems buried deep beneath the waste,

Much of the rasearch and experience documente:d can be applied to 1 ndfill caps,
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that occur within the waste body, each cover design should be tailored to the
particular site to be covered (Daniel and Koerner, 1993).

The objectives of the engineering cap are to:

¢ Contain the wastes

« Manage leachate production by controtling the ingress of rain and surface
water irto the underlying waste

# Prevent uncontrolied escape of landfil! gas and odours or the entry of air
into the wastes

« Provide protection for the emplaced wastes

s Accommodate the environmental control measures

e Provide a physical separation between waste and humans, animals and
plants.

(Danie! and Koerner, 1993: United Kingdom Department of the

Environment, 1553, jusionck et al, 1695)

The prime objective in final cover is generally accepted to be keeping water out
of the waste (Daniel and Koerper, 1993),

The cover system must perform these functions for an extended period of time,
The design life of a cover depends primarily on the natu -+ £ the wiste, the site
hydrology. and the length of time that the maintenance of the cover will be
provided. Danie! and Koerner (1993) contend that it would be preferable to
construct a temporary cover for an actively decomposirg and deforming body of
waste, and then wait until substantial decomposition of the waste body has
oceurred before attempting to construct a final cover, This may, however, not
be viable depending on the financial status of the responsible party.

The design of a capping system should consider some or all of the following
aspects, depending on the site:
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Figure 2,10 Neasi Tests: Boarrler Laver Consolidation (Malthy And
Eppstein, 1996) :

The long-term average hydraulic conductivity values for all four of the original
test cells ave shown in Figure 2.11. Combined sludge from primary and
secondary tweatment performed bewer than did siudge from ouly primary
treatme 1t. The hydraubic gonductivity of both the primary and the combined
sludge batrjer lavers o creased over the fast five years of twsting hy
approximately half an order of magnitude. The clay comtrols’ hydraulic
conductivity inereased during this time, by almost as mue¢h. No explanation iy
given as to the peak vccurring in the pulp hydraulic vonduetivity values after
four years, Long-term average hydraulic conduetivity values for the primary amd
combined residual barriers are 4.41 x 107 and 9.62 x 10™ em/s respactively.
Barrier hydrautic conductivity values for the clay cells ave 1.39 x 10" and 145 x
10" emvs, respentively,
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Figure 2.8 Neas] Tests: Runoff Cumulative Equivalent Depth (Maltby And
Enpsteln, 1996)
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igure 2.9 Neasi Tests: Seepage Cumulative Equivalont Depth (Malthy And
Eppstein, 1996)
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conductivity of barrier layers in caps. It was also evident that the hydraulic
conductivity of the sludges reduced with time, which was attributed to
consolidation due to vverburden on the sample. Biological activity in the sl_udge’
also resulted in reduced hydraulic conductivity. Two of the shudges tested in
this study were used in the field tests carried out by NCAST (NCASI, 1960,

NCASI constructed four test pads 1987, 10 evaluate the performance of paper
sludge as a hydraulic barrier in landfill caps (NCASL 1990). Two cells were
gonstructed using paper sludge barrier layers, while the other two cells were
constructed using a clay barrier ayer, to form a baseline. The tests used barrier
layers of 600mm thick. Each barrier layer was covered with a 450mm thick
layer of sandy soil, and a 150nwm thick layer of topsoil. to support vegetation.
The area of infiltration of the barrier layers ranged hetween 64,8m° and 69.5m®.
Provisions were made for collecting and monitoring runoff and throughflow
from the pads. The desiga of the test nads is shown in Figure 2.7. Note that
there is no slope on the test pads. in order for them o act, conservatively, as
large permeamuters. These field tests were run for 8 years (November 1987 to
June 1985), and were monitored throughout this period. (NCASIL 1990; Malthy
and Eppstein, 1994, Maitby and Eppstein, 1996,

The results of the study are summarised in fhe graphs included as Figures 2.8,
2.9, and 2.10, which indicate runoff cumulative equivalent depth, seepage
cumulative equivalent depth, and barvier layer cunsolidation, respectively. The
sludge consolidated as much as 33 percent. with most consalidation oecurring
during the first year. Measured runoff from the sludge st pads was similar o
that from the ¢lay test pads during the fiest year, Thereafter, runoff from the
shudge test pads exceeded runoff from the clay test pads. After the first year,
measured throughflow i the sludge test pads was less than ihe through flow in
the elay test pads,
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Desiccation of paper sludges was proved to be of concern by Kraus et al (1997).
Significant shrinking of the sludpes tested occurred when they were dried,
suggesting that barrier layers consttucted with sludge should not be permitted to
desiceate, Moo-Young and Zimumis (1997) give that during the construction of a
landfill cover, the pulp sludge layer should be protected from the effects of
desiccation and shrinkage cracks that would cause an increase in hydraulic
conductivity.

Floess ard de Mello (1997) note that the hydrulic conduetivity of paper sludge
js affected by decomposition and freeze-thaw cycles. As the organic solids
decompose, the organic cohtent of the sludge decreases and its hydravlic
conductivity decreases. Freeze-thaw cycles adversely affeey the hydraulic
eonductivity of paper sludge: however, the lmpact of freeze thaw cyeles bas
teen found t be Joss severe than for compacted clays.

The hydravlic conductivity of paper sludge is adequately characterized by the
lognorniat distribution, (Malthy and Eppstein, 1996).

The National Council of the Paper Industry for Air and Stream Improvemen,
NCASI, researched the feasibility of using sludge and fly ash from the palp an
paper industry as hydraulic barrier material in landfiil covers (NCASI, 1989). A
mujor component of the study was the laboratory measurement of the hydraulic
conductivity oi thirteen fresh sludges from the wastewater treatment sysiems of
mills that encompass major pulp and paper production eategories. The effect of
biclogicr! acavity was also examined on feveral siudges.

This NCASI study determined that the primary and combined sludges tested
exhibited lLydraulic conductivities of between 10* and 10" cnvs, with a
geometric mean of 1.8 % 10" em/s. The primary sludge for bleached kraft
primary pulp (the eategory most comparable with Sappi Enstra) was determined
as 1.1 x 10 cos. This meets the South Avdcan requirement for bydraulic
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Zimmie, 1996h)

The stwdy by Kraus et al (1997) also showed that fleld tests conducted on barrier
layers constructed with paper sludge gave hydraulic condustivities similar to
those mensured on laboratory compacted samples at similar water comtents,
Laboratory tests on large and small undisturbed specimens removed from the
field showed thnt no scale depeuua.2e ¢xnabad in the field compacted specimens.
The use of small diameter laborat v cydraulic conductivity tests in estimating
field hydraulic conduetivity s ther~fore fuasible, which is not the case for clay
{Kraus et al. 1997). This may be explained by the relative inscaitivity of
hydravlic conductivity to water content (when compared with cliy), and the
fibrous nmature of the sludge. which appears to minimise the oceurrence of
MUSTOPOres.
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determined for sludges are similar for those for clays. albeit with lower
maximum dry unir weights and higher moisture contents. (Kraus et al, 1997,
The curves, are, however, much wider than for clay, i.e. the optimum water
content is often a range of values . 30 or more percentage points, whereas for
clay it is 1 or so percentage points. Fromn compaction tests on paper sludge,
optimum water content is markedly lower than the as-received water content
(Kraus et al, 1997; Zimmie and Moo-Young. 1995). Typical Proctor curves for
various sludg.  tested by Moo-Young and Zimmie (1996b) are shown in Figure
2.6.
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Figure 2.5_Permeability Versus Water Content Relationship _For_Paper
Studge (Moo-Young And Zimmie, 1996h)
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Given that the geotechnical behaviour of paper sludges is not like that of typical
clays used in landfill covers, the use of different indicator tests is advocated
{Zimmie and Moo-Young, 1995). Atterberg limit wsts are very difficult to
perform on paper sludges and the results may not be meaningiul in terms of
classical geotechnical classification. Organic content, specific gravity, sludge
age, natural waier content, and compressibility are the major physical properties
of sludges (Zimmie and Moo~Young, 1995).

In 2 comparison of paper sludge to clay as the hydrautic barrier in municipal
landflll covers, Moo-Young and Zimmie (1997) compared paper mill sludges to
kaolinite clays, to determine differences in bhehaviour. This study determined
several differences. Paper sludges have high water content and organic content
in comparisoni to clays. Paper,sludge should be compacted far wet of the
optimum water content (50 to' 100% wet of optimum) to achieve mitimum
hydraulic conductivity, Moo~-Young and Zimmie (1996b) give that permeability
of the paper sludge increases as the molding water content decreases {(approaches
the optimum water content).

A study by Kraus et af (1997} determined that hydraulic conductivities less than
1 x 10"cm/s can be attained for these sludges at low effective stresses (< 10kPa)
when compacted using standard Proctor energy if the melding water content is
50 to 100 percentage points preater than the optimum water content. The lowust
hydraulic conductivities were obtained in this range. At higher effective stresses
(>20kPa), this hydraulic conductivity standard can bu attained at¢ higher
molding water contents. The permeability versus water eontent selationship from
a study by Moo-Young and Zimmie (1996a) 1s ineluded as Fipure 2.5.

Compaction eurves for paper shudge should be performed from the wet side
rather than the dry side, because of the high water content, and changes in
behaviour with drying (Moo-Young and Zimmie, 1995). Compaction curves
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are highly compressible, and water content is a good indicator of
compressibility. ‘The change in void ratio with vertical pressure is shown in
Figure 2.4 from Moo-Young and Zimmie (1996b).
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Eigure 2.4 Consolidation Test Results For A Paper Sludge (Moa-Young And
Zimmie, 1996h)

The hydraulic conductivity of paper sludge is a function of the sludge's organie
content, degree of consvlidation, and decomposition.  The hydraulie
conductivity of paper sludge amd peat decreases as the ash content of the ash
increases and the organic content decreases. IHydraulic conductivity of paper
sludge and peat is sensitive to relatively small changes in confining pressure,
since these matetials are highly compressible, The hydraulle conductivity is
also time dependent. which is generally attributed to long term secondary
compression (Floess and de Mello, 1997). Thus, compressibility, water content
and organic content significantly influence the permeability of paper sludges
{(Moo~Young and Zimmie, 1997,
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comstruction, and subsurface cutoff wails. The sludge is also employed as a liner
in the company owned landfill. Of 29 mills surveyed for the NCASI (1989) study,
14 had actual experience with landfill capping with either sludge or fly ash.

Siudge from the International Paper Company, Hudson River Mill, Corinth,
NY, USA was used as the barrier layer material in the cap of this town's
municipal landfilt (Floess and De Melu, 1997), Cap construction was completed
in 1995,

Champion International Courtland Mill, Alabama, USA has developed a closure
design for its 33 acre landfill at the Mill, using dewatered wastewater treatment
solids as the barrier layer in the cap. Construction in phases commenced in 1994
(MeGee et al, 1996).

It may be seen that the use of paper and pulp mill sludge in landfill capping is an
accepted alternative technology in the USA.

Paper mill sludge has also been used as dajly cover on the Chiannt landfill in Italy
(Bracel et al, 1995). Spreading the sludge over the surface of the municipal solid
waste is performed easily uging a track-mounted bulldozer, on both flat and sloped
surfaces. Braccei et al (1993) report that the material is renorted o undergo very
little degradation, even when exposed o water, making it easy to manage in all
weather. The sludge cover has aiso found to be more resistant to erosion than
comparative soil covers.

Much tesearch has been done on the behaviour of paper sludge, aud its use ay
barrier layers in landfill caps, which indicate interesting results, particularly as to
the differences in behaviour exhibited by paper sludge and clay.

Floess and de Mello (1997) note that the physical behaviour of paper mill
sludges is similar to peats and highly organic silts and clays. Paper mill shudges
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and secondary sludge. Because this sludge comprises mainly wood fibres and
clay, it is also called “Fiber clay™ (Floess and de Mello, 1997).

Paper mill sludges typicaily consist of inorganic and organic solids. plus water.
Typical solids contents range from 20 to 45 per-.nt after dewatering (NCASI,
1989), giving equivalent water contents of betwean 120 and 400 percent,

Pulp and paper mill wasies are generally kmown 0 be difficult to landfill,
primarily due to high compression ratios and moisture contents (Dunbavan, 1993).
The low strength found in many existing sludge landfills is due to high piacement
water content, low permeability, long drainage distance, decomposition of a
certain proportion of the organics, and residual pore pressures (Oweis and Khera,
1990). The angle of friction of fresh paper mill waste has been determined as
reducing from 75 to 45 degrees with a 30 percent decrease in organic content.

Placing sludge at a lower water content than previously, mixing sludge with other
mill wastes such as ash, using the area method of disposal as opposed to end-
tipping into dams, and compacting the sludge using low pressure equipment such
as & track-mounted bulldozer, all improve sludge landfill stability, This has been
the case at the Sappi Enstra landfil,

Several studies have been condueted to evaluate paper mill sludges for use as a
soil substitute (NCASI, 1989; NCASI, 1990: Moo-Young and Zimmig, 1993).

Much experierice has been gained in the USA with the use of paper and pulp mill
sludge as landfill liners, intetmediate or daily covers, final cover hydraulic
barriers, and as the vegetative layer in caps, Thacker and Miner (1985% pive that at
least 12 mills with either full-scale industry experience or with experimental
programs or full-scale programs awaiting approval, Primary sludge from one of
the midwest mills has been used as the barrier layer in three municipal Jandfills.
Yearly checks indicate that these caps are functioning well, and cne had been in
place for nine years at the time of the study, At e of the municipal lindfills,
sludge was also used for daily or intermediate cover, evosion somtrol, berm
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¢ Compacted clay barrier layer performance is extremely sensitive to
construction practice, particularly to clod size, moisture content Juring
compaction, compaction plant used, and desiceation if not protected soon
after placement.

» Desiccation, freeze-thaw cycles, and incompatibility with certain chemicals
affect compacted clay barrier layer hydraulic conductivity.

2.7 Paper and pulp mill sludge hehaviour snd_performance

The treatment of municipal, and industrial, wastewater results in the formation
of slurries high in suspended solids. These slurries, commonly referred to as
sludges, are produced either by the conecntration of the solids originally in the
wastewater (such as raw primary sludge), or the formation of new suspended
solids ns the result of removing dissolved solids from the wastewater (such as
waste activated sludge),  Generally, it is neither environmentally or
economically feasible to dispose of sludge directly into the enviromment.
Vesilind et al (1986) give that sludge generally requires some method of
stabilization and dewatering prior to disposal. There are two often conflicting
concerns in sludge disposal: economics and environmental impact. Numerous
disposal alternatives are utilized, some of which are no ionger environmentally
accepiable, These aiternatives are landfilling, landspreading on agricultural Jand,
landspreading on reclaimed land, land farming and ocean disposal. Of these
methods, all have been or are used in South Africa.

Primaty sludges resulting from sedimentation of untreated wastewater generally
contain wood fibres as the principal orgamic component, The inorganic
component, generally termed ash, can consist of kaolipite, calcium carbonate,
titanium oxide and orer materials used in the pulp and paper industry (NCASIL,
1989). Clay is usually the principal component of ash. Solids from secondary
sludges resulting from the sedimentation of biologically treated wastewater are
typically microbial biomass. “Combined sludge” refers to a mixture of primary
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3. _RESEARCH STRATFGY,

Based on the literature review conducted, the testing was to be carried out hy
means of laboratory tests and field tests. The Jaboratory fosts were carried out
first, with samples of the wistes to he used, or samples believed to be
representazive, For the shudge tests, different ratios of the primary pulp and
secondary sludpe produced were tested within the limits of Bnstra’s current and
fuwre production volumes. to determine which mixtires would be suitable for
capping. In any event, in the laboratory tests all the mixtures tested complied with
the hydraulic conductivity specification, so that the outer range mixtures were
chosen for field wsting.

A clay control was also used to satisfy the reguiremients of The Departmemt of
Water Affairs & Forestry, amd 10 compare with the shudge behaviour. The clay
was sourced from a quarry somewhat distant from the Enstra Mill, so that its use
in capping the ertire site would be extremely expensive. It was, however, the only
source of clay that could be made avnilable for capping that was sourced in this
study.

The feld testz had run for nine months ar the time of writing, and are w run for at
lenst another three months. The results presemted and discussed here are therefore
not the final results of the study,
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The study by Jesionek et al (1993) did not investigate paper siudge capping in
depth, but listed the 'on.ly disadvantage as being that the sludge barrier layer
must be protected from freeze-thaw effeuts.

In both the NCASI and Erving field twsts detailed above, the pulp barriers
vutperformed the elay barviers tested, attributed to desiccation and rreeze-thaw
effects on the ¢lay harriers. In both studies, the hydratiic conductivity of the
clays increased over time, while the hydraulic conductivity of the pulp barriers
decreased with time. This decrease is attributed to biological activity amd
settlement in the sludge. Pulp barriers are therefore scen as superior to ¢lay
barriers.
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x 107cmyvs, and is therefore sujtable for low permeability barrier material.
Performance of test pads indicates that ‘paper sludge may he superior to
conventional clay since the hydraulic conductivity of the sludge tends to
decrease with time. (Floess et al, 1997)

Jesionek et al (19935) evatuated the performance of varfous landfill final covers.
Historically, a compacted clay liner with a minimum thickness of 0,30 to 0.60m
and a muximum hydrauliv conductivity of between 1 x 10% and 1 & 107 em/s has
been the most common barrier layer material in landfiil covers in the USA.
Tesionek et al (1995) give that it may be unforfunate that this is so, as several
potential problems can make the long-term performance of a compacted clay
liner questionable. The potential problems include the following:

o Compacted clay liners are difficult 1o compact praperly on a soft foundation
such as many waste materials, thus a suitable foundation is needed, and oven
then the highly compressible waste may adversely affeet the compaction
process.

+ Compucted clay will tend to desiceate from abnve and/or below and erack
unless adequately protected.

+ Compacted c¢lay is vulnerable to damage from freezing. and must be
protected from freezing by a suitably thick layer of cover soil.

o Differentinl setdement of underlying compressible wastes will erack
compacted elay if tensile stresses become exeessive,

o Compacted clay liners are difficult w repair if they are damaged.

The above factors were confirmed by modelling field testing earried out by
Melchoir et @l {1993), where the vorapaeted clay covers not protected by a
geomembrane bevame exvemcly permeable within a peried of four dry
summers, attributed to desicention and shrinkage erwcking. The mechenisms of
failure wore modelled in a study by Miller and Mishra (1989).
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and Moo-Young, 1095). The Hubbardston landfill cap has therefore met the
capping requirement of 1 x 107 emvs piven for the landfill, and the cap is
performing satisfactorily to Jdate.

Settletment of the Hubbardston landfill has o' o been measured using a settlement
gauge, and after 2 years the sludge had settled by approximately 19¢m as had
been predicted in the laboratory. Figure 2.17 shuws the seutlement of the pulp
barrier, (Moeo-Young and Zimmie, 1996b)
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¥igure 2,17 Settlement, Measured fn Sludge ot the Hubbardston Landfill
Man-Young and Zimmie, 1996h)

249, Comparisons of paper mill pulp and clay caps

Paper mill sludpe has suecessfully beon used as soil material, mostly for
construction of landfill caps and for use ax cover in active landfills. Paper sludpe
with more than abone S0 ash typically has a hydraulic condustivity less than 1
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sludge as barrier layer material in the cap of the 1,8ha Hubbardston, MA, USA
municipal landfill (Aloisi and Atkinson, 1991). The barrier Jayer was thickened
to 0,9 in leu of the standard 0,45m of clay. The sludge was placed and
compacted using low pressure track dozers. A paper raill roller was used for
compaction, and to smooth the sludge surface. The paper siudge barrier layer
was covered with 0,15m of sand and 0,30m of vepetative-support soil.
Laboratory hydraulic testing of sludge Shelby tube samples shortly after
completion of the layer indicated variable hydraulic conductivities, averaging
about 3 x 10”cm/s (Aloisi and Atkinson, 1991).

Zimmie and Moo-Young. (1995) condueted sampling and testing of the sludge
bargier layer capping the Hubbardston landfil 1 week, 9 months, 18 months and
34 months after eonstruction. The results ave shown in Table 4.

Table 4
Summary. of Laboratory Permeahiity Tests on In Situ Smenples taken fram
the Hubhardston Landfil Cap

o N Time from | Water
Sample Date Permeubility [vin/s]
' Construction Content [%)
i July 1997 o 1.06 % 10 170
R e ¥ e 1““1"0:?15“ b 1
o "‘“’"‘Kp%if"i"‘é"ﬁ’é""‘*r‘"‘t;"iﬁis;{tii;%" R
T = T e R Rt Sl - M
i B O e P Ty T Lttt S
=g il (o0 3 ot R T TR e

It eon be seen from Table 4 that two years after completion of the cap indicated
an average hydravlic conductivity of 4 x 10%eam/s, o decrease of about one order
of magnitude. This was comparable to the performance of the test pads (Zimmie
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hydraulic conductivity of the primary sludge decreased to about one~third of its
initial value. The better performance of the combined sludge was attributed to
the presence of fine colloidal material in the secondary siudge. The clay test pad
showed significant deterioration, which was attributed to freezing and thawing.
The sludge, however, showed improved performance over the first winter, The
average hydraulic conductivities measured in the Erving tests are indicated in
Table 3,

Table 3
Average Calenlated Field Permeahility Values for the Erving Test Plots (Aloisi
and Atkinson, 1991)

Test 1990 Permeability | 1991 Permeubility
Description
Plot [emy/s] {em/s]
1 i8 inch Clay Control 28x107 1.1x 107
) 18 inch Primary Shtag 29x 100 1 34x167T
3 18 inch Blended Sludge 1.4 % 10" TlexGTT T
4|38 inch Primary Siudge 3AX167 ] A0
36 inc ‘Blendeu ‘Slud e = i e CTITTETD m e ezl e oo
5 . B 1.3x 107 1.4 x 107
(1989)
i 36 iﬁcii—;ﬁaiended Slud e ot &t -m:.:-f..—. ERERCEF EAE S TE S PN PG SO P B b TR
6 B 1.6 % 107 0.8 % 10
(1990)

From the results of the Erving tests. Aloisi and Atkinson (1991) coneluded that
paper mill sludge can provide equivalent or better performance compared to
clay, a8 the field permeability of clay incrensed with time, while that of sludge
depreased  with time, They also concluded that laboratory  determined
permeability values were poor predictors of field permeability values, and that
biended sludge performed botter than primary sludge.

In 1991, a full scale demonstration projuct was completed using Erving paper
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barriers was within both moisture content and density specifications, full-scale
compaction equipment cculd not be used on the field cells, and clods did not
appear to be sufficiently broken up during construction.

Erving Paper, in Massachusetts, USA, conducted a comprehensive study on the
use of their sludge as barrier layer material in landfill caps (Aloisi and Atkinson,
1991). Six test plots were constructed in Aupust 1989 to evaluate the
performance of Erving Paper Mill's sludge as hydraulic barrier in landfill caps.
Both primary and combined sludge were evaluated. One of the test pads was
constructed with clay as control, The thi~kness of the barrier layers used was
either 450mm or 900mm. Each barrier Jayer was covered with a 150mm thick
sand drainage layer, and 2 300mm sand and topsoil layer for supporting
vegetation. One cel. was built later than the others. in June 1990, to dstermine
the reproducibility of results. The test pads again included provisions for
monitoring and coliecting runoff and throughflow, The design of the test pads s
{ncluded as Figur~ 2.12, The infiltvationt area of the test cells was approximately
§8m®, Note that the slope on these test pads was 6% so that more runoff can be
expected than for the NCASI test pads, The tests were run for 2 years.

Figures 2.13 and 2 14 indicate the change in permeability with precipitation
over the first mwo years of testing. Note that the hydraulic conductivity
caleulated is not smooth, but generally varies widely depending on incident
rainfall, The travel time through the barrier layer following a precipitation event
was reported to be up to 4 weeks at this stage (Alodsi and Atkinson, 1991).

The results of the Erving Field tests were, in many ways, similar to those for the
NCASI tests. Figures 2.15 and 2.16 show cumulative leachate production for the
six plots. The sludge barriers were found to be less suseeptible to precipitation
levels than the clay barriers. at least initially, The hydraulic conductivity of the
tludge decreased with time. The measured hydraulic conductivity of the
combined sludge decreased by about one order of magnitude, The measured
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Table2
Summary of Field B lic Conduetivities.on_Termination of NCASY Fiel

asts (Malthy and Eppstein, 1

" Primary | Combined Clay2 | Clay 4
Test Method _
[ems/s] [em/s) [em/s] [era/s]
1995 Water 9x 10% 8x 10* 6x10* 2x10%
Balance
SDRI 6x 107 2x 107 7 x 107 $x10°
TSB-1 NR 3% 107 5x 107 4% 10°
YY) NR X107 §x 107 NR
~ Hock 8 x 10% 4x10° NC HMJWZ;IC‘ |
X .
Specimens

NR - not repotied because TSBs leaked
NC - test not conducted

The o, e tracer study was conducted o detect the presence of macroscopic flow
pathways, Dye was adowed to infiltrate the pulp barrier layers for several
weeks, and the clay barrier layers for 10 days. Each barrier layer was then
visually examined by sequentinlly removing 13etn thick vertical cross-sections
by hand. Macroscopic flow pathways were jdentified as finger-like purple-red
areas of the barrier. Extensive macroscopic flow pathways were visible in both
of the clay barriers, both in the vertical and horizontal planes, The vertical paths
traversed the full thickness of the ¢lay barriers, aliowing the dye to infiltrate {nto
the clean sand layer below. In the combined pulp barrier, one macroscopic
pathway was detected near the outer edge of the dyed barrier area. No
macroscopic pathways were detested in the primary pulp barrier (Benson and
Warng, 199¢). Maltby and Eppstein {1996} attribute the macroscupic pathways in
the clay harriee to either desiceation eracking, or more probably, the presence of
clods in the clay barrier when compacted, Although the construction of the clay
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Figure 2,11 Neasi Tests: Averaged Annual Hydraulic Conductivity From
Water Balance Data (Maltby And Eppstein. 1996)

At the end of the fieid study, the test cells were diagnostically examined and
excavated in order to maximise the understanding of the differences between the
pulp and clay barrier layers. This examination congisted of an infiltration study
and a dye tracer study of the barrier layers, and a close inspection of other
components of the test cells (Maltby and Eppstein, 1996; Benson and Wang,
1996). The infiltration study included sealed double ring infiltrometers (SDRIs)
and two-stage borehole permeameters (TSBs), Gas emanating from the pulp
layers interfered with resi ts until the SDRIs were modified. For the pulp
layers, the results from the SDRIs were higher than were determined from the
long term water balance, This was attributed to the fact that th. overburden
layer was removed from the harrler layers to facilitate testing, thereby reducing
effective stress. Laboratory testing of block specimens removed from the layers,
at effective stresses equivalent to those experienced in the field, gave hydraulic
conductivities almost identical to those determined in the field. The TSB tests
did not yield usable data for t..2 primary sludge, The results were as follows:
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Elgure 5.6 Primary Pulp In Cell before Compaction

The combined pulp layers were placed in Cell 3, also with nominal compaction,
and from the belt press. The cell received one of the first loads of combined
pulp produced by the Mill onece the effluent treatment plant had been
commissioned and its operatioti stabillsed. The combined pulp was
approximately in the 80:20 maximum mass ratic expected.

From the above. it may be seen that the construction of the barrier layers in
Cells 2 and 3 was considerably easier thar wie consttuction of the clay cap in
Cell 1,

The results of the compaction testing carried out on the Larrier layers is inctuded
as Appendix 3. It is noted that the Troxler equipment used did not measure the
moisture content of the sludges. and the moisture content figures given in the
Matrolab regults for sludge are irrglevant.

All theee cell barrier layers were covered with approximately 200mm of topsofl,
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Flgure 5.8 Compactor on, Compacted Clay Bacxier

The placement and compaction of the pulp boerier layers was somewhat eagier,
The primary pulp coming off the belt press was transported to the second cell
and was placed in layers. The layers were given nominal compaction using hand
compactors and manual labour, The eompactor used for the clay layers was not
used for the pulp as the pulp could not support the weight of the plant, and
moved laterally, achieving litle compaction, but much redistribution, Figure 5.6
shows the primaty pulp in Cell 2, before compaetion.
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collected in the sumps was pumped out using a small submersible pump,

Each surface water system comprised perforated pipes laid on two sides of the
top of the topsoil layers. These perforated pipes were connected to a pipe that
carried collected runoff into the adjacent runoff sump, Each runoff sump was
Tm by 1m in plan, and 1,3 m high. The sumps were fitted wich release valves at
their base, so that the collected runoff could be discharged after each
measurement.

The field cells were constructed using concrete bricks for the outer walls, ash-
filt from the Mill to form the inside slopes, and reinforced conerete slabs to
waterproof these slopes. The underdrain pipework was then constructed, and the
sand drainage layer placed over this. The sand drainage layer was given nominal
compaction. Thereafter a geotextile blanket was placed over the sand {ayer, S0
that the sand was not clogged with flnes from the barrler layers. Thereafter the
barrier layers were constructed. The barrier layers in each cop were 450mm
thick, immediately after placement.

‘The clay contro] cap was constructed first. As the contractor was 4 builder, with
little experience in earthworks, the placement and compaction of the clay cap
proved 10 be problematic. Firstly, the clay obtained contaied many ¢lods, and
had to be broken down. The initial compaction process was unsuccessful, as the
ciay was compacted approximately 11% wet of optimum, to relatively low
densities. The clay was recompacted thereafter, at lower moisture contents, to
approximately 100% Procwr dry density, The moisture contents were still not
within the preseribed optimum moisture content to optinwin moisture content
plus 2%, Also, the compaction equipment used was not particularly heavy, nor
was it of the sheepsfoot variety. The clay was therefore not expected to reach
optimal hydraulic conductivity. Considering the effort niready put in by a
frustrated builder, it was decided not to revisit the clay vompaction, The clay
barrier, with compaction equipment is shown in Figure 5.5.



Eigure 8.4 Sand Loyer Placement
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LD TESTING,

5.1, __Desigo aid construction of field cells

Three test culls were designed and constructed. The three test cells were
constructed on the Enstra Mill property, within the Mill's security fence. Each
cell contained a different cap, so that the range of sludge mixnires could be
tested, and so that a clay control could also be monitored. in accordance with the
wishes of the Departmient. The design of each cell was exactly the same. The
design was based on the NCASI cells, with some modifications. A tender was
put out to three building companies, and the lowest tenderer was appuinted to
construct the cells, The construction took longer than expected, and was
completed in February 1997,

The fiald celis are 7m by 7m by 1.3m high, and wers constructed above ground.
The cells narrow to 5m by Sm at their base, so that the barrier layers had
dimensions of approximately 6m by 6m at placement. The infiltration area was
therefore approximately 36m® for the first few months of testing, which reduerd
to approximately 25m* once the side-liner was constructed. Ench cell was
equipped with both underdrainage and surface water drainage systems. The
details of the field test cells are given in Figures 5.1 and 5.2, Construction at an
early stage is shown in Figure 5.3.

Esch underdrainage system comprises the sand beneath the barrier layer, see
Figure 5.4, Perforated pipes were placud on the downslope sides of the celi
base, to collect the seepage that had passed through the barrier layer. The
perforated pipes were connested to a pipe that carried the seepage through the
cell walls, and into the leachate sumps. These sumps were constructed adjocent
to cach cell, and have dimensions 1m by 1m by 1,1m height, i.e. a capacity of
L,1m’. The sumps were fitted with removable steel lids, to prevent incident
precipitation from entering, and to allow for easy monitoring. The seepage that
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An example of the ‘sludge test resuits and the clay test results are found in
Appendix . and 2, respectively.

4.4. Interpretation

Given that the laboratory testing was not as extensive as first planned, mainly
due to the time taken for each test, and the availability of the equipment, the
results achieved were good. 2. the required hydraulic conductivity for the
capping of the Sappi Enstra landfill is specified as 2,78 x 10° cm/s, all the test
results ar¢ within specification by at least one onder of magnitude, Tt was
teirefore decided to proceed with the field tests. As the range of possible
mixtures met the specification, if was decided 1o test both mixtures in the field
cells,

As was expected from the NCASI field studies, the hydraulic conductivity for
the combined mixture was lower than for the primary pulp only.

The clay hydraulic conductivity achieved was excellent, which was expected
from the high quaiity of clay obtained.
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with the lower moisture content sludge when the new press was brought on line.

As each of «he hydraulic conductivity tests took more than a month to carty out,
and only one apparatus was available for the testing, only the 80:20, and 100:0
percentage mixtures were tested. (Ratlos refer to the ratio of primary pulp to
secondary sludge, by mass.)

4.3. _Results

The compaction curves determined were extremely flat, with optimum moisture
contents in the range of 100 to 150%. The compaction curves determined were
similar to those determined by Moo-Young and Zimmie (1996b), as included as
Figure 2.6, in the literature review,

The laborutory tests were conducted at between 60% of and at optimum
moisture centent and at maximum Proctor density.

The results of the laboratory hydraulic conductivity tests were as follows:

Table 8
Results of Laboratory Tests on Enstra Materials

Hydraulic Average
Matevlal Used conductivity Hydraulic Laboratory
{' Achieved | conductivity for Used
[em/s} material fom/s)
B Primary Sludge 5.0x 107 13 10‘; Wits Civils Labs
Primary Sludge 2.1x10% Wits Civils Labs
80:20 Sludge Mixwre { 8.0 x 107 8.0x 107 Wits Civils Labs
Clay Control 2.5 x 104 2.5x 10" Soiltech
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moisture contents of the samples.

Figure 4.1 Triaxial Laboratory Hydraulic Conductivity Test on Sappi

Ens ira Waste

The first hydraulic conductivity tests done leaked, so that 2 membranes and 4 O
rings were used in all subsequent tests, The membranes alse appeared to be
degraded by the samples as they developed blobs of a black substance and stains.

Sappi Enstra implemented changes in their plani during this project, which
changed conditions, The first was that they were not yet producing secondary
sludge when the testing was started, so that activated sewage sludge was
substituted. Further tests were done when the Mill's activated sludge plant was
brought on line.

Also, the Mill installed a new dewatering press, which changed the
characteristic:. of the primary sludge somewhat, so that further tests were done
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Two tests were carried out per mixture, so that the results could be cross-checked,

The objective of the compaction (L.e., density versus moisture content) tests was to
determine the maximum compaction of the . yterial possible, which could be used
to check field cell barrier layer compaction on already compacted layers. The
objective of the hydraulic conductivity tests was to determine the lowest hydraulic
conductivity of the barrier layer samples, These results were used to determine
the mixtare to be used in the ficld test cells.

The hydraulic conductivity achieved in the laboratory tests was compared with the
maximum allowable hydraulic conductivity specified by the Department to assess
the feasibility of continuing the investigations.

It must be noted that much of the sludge behaviour and testing results included in
the literature review were published, or became available, following the
commiencement of testing for this study, Thus aspects such as compacting sludge
at moisture contents of 50 to 100% wet of optimurm as given by Kraus et al (1997)
were not used in this study. The use of these findings, however, would only
improve the resujts achieved in this study.

4.2, Methodologies

- Hydraulic conductivity testing was done in the large triaxial apparatus owne.
Wits University, with sampiss of 10em diameter. The apparatus, with a test
running, is shown in Figure 4.1, The samples were given nominai compaction.

The moisture content of the sludge was difficult to measure and adjust, as the
sludge was extremely Susceptible to atmospheric moisture, and changed
significantly in the main sample within the time taken to carry out the test, The
determination of compaction curves was made difficult by fluctuations in the
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4. L.ABORATORY TESTING

4,1,  Cutline of tests done

Laboratory testing was undertaken to determine the mixture of primary and
secondary sludges (taking into account the ratio of siudges produced by the Mill)
which gives the lowest hydraulic conductivity. The Mill has produced 80%
primary sludge and 20% secondary sludge from September 1996, given that fibre
recovery from the primary clarifier har reduced, so that the percemtage of
secondary siudge used in the testing did not exceed 20%. As Enstra was not
producing secondary sludge at the time the laboratory testing was undertaken,
sewage sludege from the Olifantsfontein Sewage Works in Midrand was used.

The Mill produces a small quantity of fly ash relative to the sludge. As fly ash is
shown to decrease permeability in the literature (NCASI, 19%9), a small
percentage was originally included in the mixes. The use of fly ash was
discontinued because a relatively insignificant percentage is produced, and it was
difficult to mix into the sample being tested. The corresponding mixing for on-site
capping would have proved unfeasible,

The following laboratory tests were carried out on the sludge samples by the
University of the Witwatersrand Department of Civil and Environmental
Engineering:

« Moisture content
o  Compaction
» Hydraulic conduetivity,

Originally, Atterberg limits were to have been uwi-rmined in the laboratory, but
this proved extremely problematic. It was therefore decided to concentrate on
hydravlic conductivity testing.



g

" '
| f I T 1*."{ )

1 030 oF

Pracprartoeimr
B

10a

- Al

x-

N —— =K

h X
; | X X
o I I bR Hemersementin-sse—sroerBORES

100E.02

IGE O

» : \1 NP £ 90 LI s 2 T T L, P | RoB, ¥ g v
&,‘”ﬁﬂ:“ﬁ"}m“ﬁ'ﬁz ‘@’ Q?v‘{ibv";' *n"a?‘i hﬁﬁﬁuﬁﬂ‘ﬁ‘ﬁpﬂm‘ﬁ{n-"f_'v":‘sf‘ ) \','f“. ﬂ's ..;59@-" -:h" e .f,-* ,3.‘* ,‘yﬂm‘.}\ ‘:;&-f:,'kz\,\-{;r! ‘p.ff':,‘rffwd 'f«"’-%i ﬁ:;"'ﬁm‘{";ﬁ@}fp;%;i .h!f; lei . \W:H\ﬁ i&" Ey
[he
e e I F iy P metedmmesa il Hlydrmire, 00gyE]  vwem———igiaaltly D

o=

¥L



Figure 5.10: Hydraulic Conductivity Averages
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clay. This fact that the clay shows a decrease in hydraulic conductivity is
attributed to the short-cireuit which occurred down the sides of the cells in the
early months of testing, This indication can be confirmed by monitoring the
results from the tests over the next few mounths.

Figures 5.11, 5.12, and 5,13 show the precipitation and hydraulic conductivity
for the nine months of monitoring for each of the three test cells. The format in
which these graphs are given has been chosen for comparison with the test
results published imernationally. However, it is recognised that it may appear
misieading. Hydraulic conductivity does not fluctuate with fluciuating
precipitation: the rate of transmission does, which is a function of both he
hydraulic conductivity and the hydraulic gradient. From Figure 5.11, it can be
seen that the clay barrier in cell 1 in fact exceeded the required standard on five
days of the nine months, All these incidents were before the side-lining was
constructed for the cells, and i3 ;attributed to a short circuit down the sides of the
cells fullowing ponding from high rainfall events. Since the linlng has been
praced, the hydraulic conductivity standard has not been exceeded once. From
Figure 5,12, it can be seen the primary pulp barrier layer exceeded the required
standard for two days shortly atter placement of the layers. Apain, this was
atributed w shiort-circuiting, The primary pulp has not exceeded the standard
since the first week of testing. Figure §.13 shows that the combined pulp batrier
has not exceeded the required standard on a single occasion. The hydraulic
conductivity results plotted on these three graphs may appear somewhat
scattered. This is attributed to the scatter in precipitation events that oceurred
during testing, and is also apparent in the Erving test results, as seen in Figures
.13 and 2.14, included in the literature review,
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and field testing of the hydraulic conductivity of compacted clay liners do differ
by two orders of magnitude, particularly ‘where small diameter samples are
tested.

The results of the water quality analyses ont the seepage are included in
Appendix 5. It can be seen that the quality of seepage from Cell I is better than
that from Cells 2 and 3. The seepage from Cell 2 certainly did not meet effluent
standards, and haa a particularly strong odour, As the seepage will flow into the
waste body, which containg tle same material, the guality of the seepage is not
of major concern, This would be re-evaluated however, should the pulp layers
be congidered for use as a landfill liner,

5,8, Interprotation

Comparing the laboratory and fleld test results on the capping materials used, it
may be seen that for both the primary pulp and the combined sludge caps, the
hydravlic conductivities achleved in the field are within ten percent of the
laboratery resv s achieved. The clay cap test results, howaver, exhibit almost
two orders of magnitude difference, as could be expected from the literature
review, The use of small scale laboratory tests has been found to be sufficient
for predicting field hydraulic conductivitles of paper pulp, but may not be relied
upon for the design of clay caps.

Figure 5.10 plots the average monthly hydravlic conductivitics with time for all
three cells. It can be seen thut the averages for all three cells are well within the
required specification for hydraulic conductivities for landfill caps in South
Afric, indicating that the material is suitable for this use. It was hoped that this
graph would mirror the decrensing trend of hydraulic canductivities of pulp with
time, as shown in both the NCASI and Erving tests. In fact, the graph gives
some indication of this. From the graph, it can be seen that the geaeral trend for
hydraulic conductivity for all three cells is reduciion with time, including the
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From these results it can bo seen the specified hydraulic conductivity of 2.8 x
107 em/s is met by all three .arrier layers. From the results, it may also be seen
that the combined pulp barrier has outperform:d both the primary pulp and the
clay barrfer layers, as was the case in the NCASI test cells, albeit only
marginally in the case of the clay.

As has been noted, the cells leaked down the sides if sufficient ponding occurred
(in high rainfall events). From the results, it can he seen that while the monthly
hydrautic conductivity figure was within specification. there were Instances
where the hydraulic conductivity of a cell fell below the standard for a day ot
two, Strictly speaking therefore. the high rainfall events that oceurred within the
testing period before 17 July 1597 should be igaored. (The plastic side-liner
construction was completed on 17 July 1997).

Settlemient was not measured as part of the testing program, but has certainly
occurred in the pulp barriers. Estimating from the height difference between the
top of the pulp barriers and the surface water outlet pipe, this is estimated as
approximately 10cm. or approximately 20% even though there was little
overburden. The total settlement will be determined at the end of the tests,

As has been shown in the literature review, the careful construction of L:Iay
barrier layers is vital to their performance, and this became a case in point. The
hydraulic conduetivity achieved in the clay cap was almost two orders of
magnitude greater than predicted in the lahoratory tests, This is attributed to the
moisture content at compaction being outside of the acceptable moisture content
envelope, and the compaction equipment being Highter than would normally be
alfowed when compacting clay barrier layers. It may also be as a result of
desiceation cracking. This behaviour was very similar to that reported for the
NCASI clay control barrier (Malihy and Eppstein, 1996). The reason can be
established by hand excavation and evaluation, as was carried out after the
NCASI testing came to an end. It must be noted that in many cases, laboratory
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of barrier layer tested. Equivalent precipitation refers to the incident
precipitation that has occurred on each cell as a rusult of both rainfali and
frrigation. Graphs of these results are included as Figures 5,10 to 5.17, and are
discussed in the interpretation section. ‘

The hydraulic conductivity results can be summarised as follows:

Table 6
Results of Field Tests on Enstra Materjals

Hydraulic conductivity [em/s]

[ Cell 1 Cell 2 Cell 3
Field Cell Results: 1997

Clay Primary pulp [ Pulp mixture

March 5.0%10% 6.0 10° 3.5 X107

April 5.8x107 1.8 x10° 1.9 x10”
May 3.7 x10° 29 x10° 28 x10% |

June 6.7 X107 5.7 x10°7 2.5 x10”
July - - -

August 2.8 x10” 1.0 x10* 1.2 x107

September 1.7 x10° 2.1x10® 1.3x107

October 1.5 x10* 8.0 x107 1.1x107

November 1.6 x10° 9.1 x107 1.8 x10*

Average since testi
8 "B gax100 | 20x10° | 11sx10¢
commenced

Average since side liner

9.0 x10”7 1.2 x10% 8.3 x107
was installed

~ Guelph Permeametoer
Results 1.4 x10 4.2 x10° 1.7 x107
20 June 1997
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D, is the'depth to the wetting front

The depth to the wetting front was not measured as part of the field study as this
would have involved complicated and expensive testing equipment. This depth
would have changed as saturated and unsaturated flow cccurred. The hydrautic
pradient was assumed to be one in all calcularions. This is conservative, as the
hydraulic condustivity would be more than one, given that ponding occurred
during testing. This assumption was also used in the Erving tests.

Hydraulic conductivity is usually calculated using the equation

k=i
i

where I is the rate of infiltration measured

Taking i=1, The infiltration rate was therefore calculared as:

k=l=0
At

5.4, Results

The measurements taken, and the consequent calculations are includea, in
spreadsheet format, in Appendix 4. From the measurements, it can be seen that
no precipitation fell, or irrigation was undertaken, in the month of July, This
month he*s subsequently been omitted from the calculations of averages, The
second set of spreadsheets includes caleulations of potential evaporation, seepage
flow, hydraulic conductivity and equivalent precipitation for each cell. Each of
these has been caleulated as equivalent for tae infiltration area of the cells; i.e.
evaporation, seepage and equivalent precipitation are given as per squarg metre
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The results were calculated based on Darcy's law:
(} = ke

where @ is the flow measured
k 18 the coefficient of hydraulic conductivity
{ is the hydraulic gradient
4 is the area of the test
1 is time

The hydraulic gradient is defined as:

D,
where D, is the depth of ponding
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as it appeared clean. Sappi Enstra's laboratory undertook the water quality testing
for the parameters commonly associated with Jeachate,

5,3, _Methadologies

Precipitation, evaporation, tunoff and seepage were measured by Sappi Enstra
staff on a daily basis where possible. Figure 5.7 shows measurement of the
seepage in the sump of Cell 2, which contains the primary pulp barrier. Samples
of seepage were taken and analysed. The samples taken are shown in Figure 5.8,

The cells were Irrigated using a hosepipe fited with a flow meter, This was done
during August and September, mainly to determine whether the construction of the
side-liner had improved the results obtained. The irrigation was not conducted
according to irrigation theory. but was of a rather basic nawre. The hose had a
fixed flow rate of 0.17V/s, which is of fairly high intensity when cotisidering the
frequenicy of daily rainfall events. This method can be considered to be somewhat
harsher than nawral rainfall, therefore, and is therefore conservative, Irrigation of
Cell 1 is shown in Figure 5.9. Note the polypropylene side-liner over the edges of
the celis in this Figure.
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cells, As the sludae is known to compress significantly, the top of the cap was
expected to settle significantly during the tests. Both the design of the NCASI and
Brving test cells aliowed for settlement without significantly changing the surface
water drainage systems. The Enstra cells, however, were built above ground, and
the drainage system outlets were fixed in the test cells walls. Thus. as the sludge
barrier layers settled, more and more¢ ponding was allowed o occur on the caps.
The Enstra tests can therefore be considered to be more conservative than both the
NCASI and Erving field tests,

8.2, Outline of tests done

It was originaily envisaged that the mixture of primary and secondary sludges that
achieved the lowest hydraulic conduetivity in the laboratory would then be tested
in the field to determine whether the mixture wonid act as an effective capping
layer in the Enstra environment, However, as the range of laboratory samples
achieved permeabllities befow the standard, the extremes of the range were rested
in field cells.

Precipitation, evaporation, run-off and seepage were measured daily for the period
of the field tests, except for weekends and public holidays, This measurement was
undertaken by the Sappi Enstra staff with the author's involvement and
supervision.

The field testing period has been nine months to date, which covered portions of
two wet seasons and a dry season (albeit an unusually wet dry season). The field
tests were accelerated by watering the cells to simulate storm events that typically
uceur at Enstra duri'ng the wet season. A flow meter on the watering hose was
used to mensure the volume of water used.

The quality of seepage water from the test cells was tested. Runoff was not iested,
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and were vegetated‘ using “kweek™ seeds, The clay cells vegetation took better
than that for the other cells, which is attributed to the fact that the clay cell was
completed well within the wet season, and the grass was well wetted initially.
The vegetation on the other two cells did take eventually.

It became evident after several months of measurements had been taken that
hydraulic conductivity results were higher than expected, and this was attributed
to a short-circuit occurring down the sides of the cells. After this fact was
confirmed by means of Guelph permeater tests to determine actual
permeabilities, a polypropylene side-liner was made up fur each cell, which
sealed the sides, and concentrated throughflow o :he - ntral portion of each
cell,

The cells constructed differed from the NCAS! and Erving test cells in severai
ways. Firstly, both the NCASI and Erving test cells had more material placed over
them in the capping design than did the Enstra tests, The NCASI test cells had a
total thickness of 600mm of sandy soil and topsoil placed over them, while the
Erving test cells had a total thickness of 450mm of sand and topsoil placed over
them. The Enstra cells had only 200mm of topsoil placed over the barrier layers,
in keeping with the cappiry, Jesign required for the site according to the Minimum
Requirements (The Department of Water Affairs & Foresiry, 1994). This
translates to less effective stress being induced in the Enstra barrier layers as a
result of overburden than in the other tests, and therefore less compression and
related reduction in hydraulic conductivity of the sludge barrier layers being
expected. In addition, hydraulic barrier layer covering provides protection against
freeze-thaw cyc 3§ =nd desiccation, While freeze-thaw effects are not of concern in
South Africa, desiceation certal::ly is.

Secondly, the slope on the Enstra cells was insignificant, as was the slope on the
NCASI test cells, so that the test cells could act as large permeameters. The
Erving test cells, however, were construceed with 2 6% slope, so that runoff was
encouraged. The third differerice was in the surface water drainage from the test
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capping within nine months.

The stabillty of ihe pulp capping layer on the landfill slopes has not been
determined as part of this project, but obviously requires consideration before th
project results can be used on slopes in practice.

The use of the Sappi Enstra pulp as a general landfill liner is viable, as the
varjous field tests results are in the range of the specified hydraulic conduetivity.
Literature reviewed indlcates that the pulp would perform considerably batter
under the jarger effective stresses induced by the weight of the waste body. This
could te investigated using large-scale jaboratwy and field tests,



. 84
7. RECOMMENDATIONS FOR FURTHER RESEARCH

The results achieved from this project indlicate that the pulp produced by Sappi
Enstra Mill is suitable for capping their landfill, at least with regard to the
required hydraulic condustivity, The long term stability of the pulp as landfill
capping material has not been determined. but indications from literature, as well
as from auger holes through the pulp placed within the landfill, indicate that this
type of pulp is suitable for use as landfill c:pping in the long term,

Unfortunately, the period in which the tests have been run to date has not
included a typieal South Aftican dry season, and the wet season experienced in
the first faw months of testing was unusually wet, The results cannot therefore
be expected to Include desiceation effects, which are the biggest concern in the
South African environment. The tests were originally to be run for one year, and
s0 would terminate in March 1998, Given the negd to include desiceation eftects
in the testing program, however, it would be expedient to include &
representative dry period. If the predicted drought, caused by Ef Nino, does not
materialise in the forthcoming summer, it would be expedient to extend the
testing period over the winter of 1998,

The field cells dic not simulate the effects of differential settlement of waste
teneath the caps. Although the effect on elay is given as far greater than that on
pulp sludge, this could be investigated. As full-seale teials of capping with pulp
are to be undertoken on the Sappi Enstra landfill from January 1998, this can be
monitored on the landfill,

It was not determined which type of vepetation established itself best on the
capping, as this would have introduced another variable when comparing results
butween cells.  The suceess of various vogetation types will be measured
independently from this test series, on the Enstra landfill itself. It did, however,
appear that the kweek grass used on the test ¢ells was suitably established on the
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6, CONCLUSIONS
From the results of this project, it tnay be concluded that:

» ‘The pulp produced by Sappi Enstra is well within the hydraulic
conductivity requirements specifies by the Department for barrier
layers in landfill caps,

s The extremes of Sappi Enstra primary and secondary shudge
production ratios were tested, and both performed within the given
specification, so that any mixture of primary pulp amd secondary
siudge produced within 100:0 and 80:20 ratios are suitable for
capping. Sappi FEnstra may thus use all pulp mixture coming off
their belt press to cap the landfill, without having 0 measure the
mixwure achigved.

¢ The behaviour of the Sappi Enstra pulp capping corresponded with
the behaviour of similar testing carried out in the United States of
Ameriea, 5o that it may be inferred that the Sappi Enstra pulp is
suitable for landflil capping.

¢ The Sappi Enstra combined pulp capping outperformed the clay
control test installed, as was predieted from comparisons within the
literature reviewed

» Construction of pulp capping layers ia considerably vasier than the
construetion of eliy capping layers,

» Sappi Enstra pulp may have application as a general landfill liner
hydraulic barrier material, as the results achieved in these tests are
within the range of the specified hydraulic conduetivity.
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and was drained towards the leachate sumps. The tests, therefore. did not
mode! the retention of any moisture within the waste below the cap, and the
evaporation of that moishire through the cap, as has been shown to occur by
Blight (1992). The pulp capping may well therefore perform better on the
landfill than in the field test cells. Also, the vegetative cover did not take well on
the pulp cells until at least August, so that the transpiration from these cells must
have been minimal.

As the cells were not placed on waste, but on sand drainage layers, the effect of
tificrential settlement in the waste beneath the caps has not heen simulated.
From the literature, however, this is believed 1o affeet clay far more than it does
paper pulp. From observations on the Enstra Mill landfill, the pulp is capable of
deforming imo differentinl settlement zones without compromising its integrity,
This behaviour is attributed to the fibres making up the pulp giving it improved
shear strength.

As the cumpaction of the sludge can be nominal and sl achieved the required
hydraulic conduetivity. it is possible to compact the shudge to the Jvuired level
on a foundation of waste. For a cloy cap. however, achieving the required
compaction on the poor foundation waste would usually be probiematic, if not
impossible. This has not been modelled in the field tests, as no waste was
ineluded in the figld cells, The vesults achieved in the field tests for the clay cap
are therefore not conservative, and may in fact underestimate the hydraulic
vonductivity achlevable on a landfili,



Figure 5.17: Cell Runoff and Precipitation
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Precipitation or seepage flow [mm]

'Figgre 5.14; Cumulative Seepage and Precipitation- Cell 1.
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Figures 5.l14. 5.15 and 5.16 show cumulative leachate flow and cumulative
precipitation flow with time. Comparing these three graphs clearly shows that
the combined pulp barrier has produced less seepage than have the clay and
primary pulp barriers. Also clear on these graphs are the reductions in the rate
of seepage since the side-~lining of the field cells was completed on 17 July 1997,

Figure 5.17 shows the cumulative runoff and precipitation of the three cells with
time. It can be seen that Cell 1 (clay) has generated Jess runoff than have Cells 2
and 3 (primary and combined pulp). As Cells 1 and 2 have produced similar
guantities of seepage. this means that the clay cell has lost substantially more
moisture to evapotranspiration than have Cells 2 and 3. As the vegetation cover
on Cell 1 established far better than did the caver on the other cells, this
explanation makes sense. Another explanation could, however, be that moisture
is mote ensily evaporated fiom the clay barrier, making it more susceptible to
desiccation than the sludges. This second explanation is supported by both the
findings of the NCASI and the Erving tests. A third explanation may be that the
clay cell structure was damaged during the intensive compaction of the clay cap,
so that moisture has been lost from the system. This explanation is supported by
eracks in the outer walls, and some seepage fromn the base of the cell, which
appeared during testing, Given this explanation, the hydraulic conductivity of
the clay cap may well have Been underestimated during testing, as not all
seepage was collected in the sump.

The hydraulic conductivity results achieved in the field ests are considered to be
conservative, for several reasons. The capping layers were not constructed with
a significant slope, so that ponding was allowed to oceur, and runoff from the
cell surfaces was considerably lower than could be expected on the landfill, The
capping layers settled with tme, so that the surface water desinuge System
outlets were well abave the level of the capping, within a few months, further
limiting surface water runoff. No waste was placed beneath the capping l'ayers.
s0 that any moisture travelling through the cap reached the sand drainage layers
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APPENDIX 1

TYRICAL HYDRAULIC CONDUCTIVITY, LABORATORY TEST. FOR ENSTRA PAPER
SLUDGE
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00 6, 81 & 0] 396 D.0E+00l ) 678 302 O 394 12EQ7L 0] o6 38 O] 74| DUE<00] Gl o4d
I T DT 53 B] 15| OOF+00| O] 678 P of "394| GoEga|  of _Gr6[ 4] 0] 174| B.06+00] __©Of 64l
RI0XE2) IR IR sg{ 0} _315]_OUEX0G] O 67 e 0] _3%4| OQE«qg] o o/ 370 174 o]l
TG 032 63 3Th 67 FO] 394 P 370 174 G]__6a1



Sappt Enetra Capping Raslts: Seleclad Data and Cumulative Tolsla

Al [Cum._[Gall l Col 2 - Celr 3 e

Potent. |Potarit, [Runolf [Cum. _|Seepage|Cum. _[Hydaulic {Cquiv. [Cum.  [Runoff jCum.  JGoepago|Cam. {Hydraudic Equiv. {Cum. _ jRuncll [Cum. 15ucpaga jCum. [Hydroulic [Equiv. {Sum.

Evap [Bven iSump |Equiv |Flow _|Seep. {Conduct Precmg;uiv. Equy [Flow  1Sonp, |Conduet tProcip. |Equiv. lgquiv Flow  {8aep. [Condugl. |Precip. [Coulv.

(Oata fmm_ imn . mm Rl [mm Flow !cmis mm  [Precip. Imm {Ruholf jmm Flow jemfa__ jmm _ 1Precp.  Jmm Runoff fmm Flow jomis mm  IProcip.
01-8ep g 604 A4l 47 765[ 1BROG| 12| 564 {ER] P R Y2 T T 306 Of__734| T5AE07{ 16| 628
2-8ep| 5| eoal 4 R | 5 133 aa 560 306 (7] 628
038 5| 614 A Al__26%] 7Z3E06[ 9] 512 133 2|_316] 9.%6E07] 11 &N 30 I 13] 463607 10| 597
0dBep| [ 6% 4 269 — 572 133 316 N N 306 3] ) 637
058l 20| F A 2| 2| 93] 672 133 1l 317| 6O4R07] 6 — 671 308 1|__1%| 4BaC07] 0| 537
[ T6-Gop 634 4 il 672 133 37 i 306] 1% 537
17-80p CE i P71 N b72 {KE] 31 871 306 6] ]
0R-Bep| 1| 6o af A 2r4] TAEGE[ 14| b@6| 40| 14 7| 924) Z70E06) 14 G8b) o] 317 Al 139] TI9E 061 14| bon
0BSep] 0| 638 A 1| o750 GoE7| 1| 88/ 104 2] 9260 231E06] (I &6 iy 3 1| LeeE08| 1| 6a2
10-8ep] O] 63 43" 2 a7l 19E0G) 2 oegl | 14A) 2| oa| 185E06) o) 638 3N 3]__143] 2.31E00] 2| 5ad
ii8p] 0] 63| 4| 68 3] p80] 37ED6; 15 604l 60| 168) 4| 332 A6dEUs| 18] 603y 60| 334 1|44} 826507 16| 68D
%8ep| 0] 63 5 I ] T I 1 158 2| 33| 278E06| 3| 640 53 6]_149) 6.80E06] 3] 672
13-Sep B35 65 281 607 158 334 608 3 14 672
14-5ep 638 85 281 BO7l | 168 7| S 606 33 [LE - 672
6-Sep] 0] bab B 9 90\ 13608 19| 626 63l 71|23 37| GOGE0G] 9| 625 G0 abjl 4| 163 BAGE-0a] 18 601
16800 635 55 R I 626 177 57 625 350 g 881
17-8 0] &5} B 311 4eEdr 626 [T 4] 3801 220606 Gk 350 3l 165] 1.625.08 501
W&8op| O] od8| | 68 0312l Z3E07) B 634 7 2| 2| 200E-06] 8] 633 30 T|_168| G.205.07) B 5689
15-Se0 845 55} 312 634 177 362 533 350 166 559
| 20-8op 645 B8 I 6ad 17 362 633 350 166 ]
H8ep| | 645 6B aEl | B34 77 K7 633 30 & 500
| 228ep| 27| Giay B6| 3| ais| gre0r] 5l €3 {77 8] 370] 2ee08) ] 6% 350 3] 168] 57007 6| 604
23800 672 & 315 639 i i) 636 35 168 L
24-Sep 672 55 315 63 177 310 636 a5 68 604
25-Sop 672 5[ 315 63 177l [ 638 350 (17 604,
2680p] 98] 107 8 0] 315]_ TR0 639 177 1| 371| SA7E0T| 0] 638 30 0] 160] 579608 0] 604
3-58p 707 [ R . 838 77 31 63 350 164] 604]
78-S0 707 s 15 638 77 371 630 350 ] 604
™ 25-80p o % 3% (R i Tl 538 350 8 a0d
30-8ep 707 55 35 630] ¥ a7 Bag| 350 164 504




Sappt Enstra Capping Rasults; Selected Data and Cumulative Totals

Al [Cum.__[Cot Goil2 Cell 3 _ [ [
Potant. [Potent. [Runalf jCum. jSeepagefCum, Hycraulic |Equiv. jGum. _|Runolf )Cum, | Seepane|Cum. Hydraulic |Equiv. |Cum. _[Runolt [Cum, [Seapage |G, Hydraulic {Equiv. {Cum,
. ievop |Evap [Sump Equiv {Flow |Seep. |Conduct |Precip [Eouiv. Equiv_|Flow _|Svap. {Conciel, {Pracip. |Ecquly. . [Eauiv |Flow  1Soap. |Conduct. 1Praclp. [Equtv.
Dale __jmmi _fmm__ o Runoff mm __ {Flow femés _ Imin  [Precip st [Runofflmm __ [Flow Jum/s  Imm  [Presip Jam  |Runoffjmm _ IFlow Jomfa _ lmen  jPrecip.
1-Aug 435 4 2530 457 133 285 22 301 130 A22
-Aug 435 4 %83 A57 133 285 422 30t 13 422
-Aug 43 i 28] 257 133 25 a5 301 130 1. i3]
Thug 0% ® ] ] 3] 265 2] a0} 2 L.
GAun] 1 435 4 269 A7 133] 285) 420 301 W Azl
GAug] 27| 462 44 01 263] G.0Es00[ 13} 470 13 3| agB] 320E07] 18] Aw 31 1|13 7.0608 1) 433
Thugl [ 462 _# PER] ATl 13 288 A3 30 T3 433
T i |6 ATG [EX 288 437 30 131 433
g-Aug| 462 a4 253 470 13 268 E i 131 433
To-Aun} 467 T ] a70 133 308 T 30 EE 433
11M' . 462 A 0 253 0.0E+00[ 12} 4m2 133 1] NREEE o 8 44 31 0 39 BEDE] 8] 441]
2hug| 0 4@ [T g 253 00«0l 8| d4a8 [EE] 0 268 0f 47 4: 301 o131 0§ _ctg_q
i 8[__498] 44 124 93E0TY 6] 494 133 12] 3000 1.39E05] 8] 499 301 o131 O 5 4c6Y
14 A 50 44 2l 27| 20E0G] 6 499 133 7| 07| 833E06) 0] 499 Al o131 O 51 460
16 502 a4 i 27| GoE07] B E 133 0], 308y 463E:07] Ol 499 a0t 0] 134 0 4] 454
f6:-Augl | 502 Al 257 506 133 308 499 a1 E 64
\7-Aug| | 602 4 i 508 33 308 _ 499 304 K J..A64
1BAug| 20 522 A 2 60| 93807~ Bl 6 133 0| _308| 154807 4] 603 al O] 132| 164E07 6 470]
| WAugl 4] 528 14 0[__260] 0.0E+Q0 511 13 0f 308 0 50: 301 0 132:,'3__'.31 TEQT 470
WAugl B[ 632 44 0| 260] DQE+00] B[ 15 133 1] _908) 9.26607] 61 goal 76| 308 0] _132] 0.008+00 470
TAugl B[ 540 4 0] 260 0.0E+00 615 133 11 _310[ 1.026-08 508 ace] 1| 133) 926607 A7l
22T O ] O]__260] 0QE+00] 7| 520 13 1| 310| 833607 8| 57 306 0] 138 o7 A7
3-Aug b47 A 2%60 R 133 310 517 3] 13 AT
248 _ B47 a4 260 ] 8% 133] Y - _§1fi 306 133 an
2B:Augl 27| 674 4 ] I I I 13 131 a0ge07] 9 626 a06] 0| 138 a1 4%
[ Zaaugl 7 681 2l 0] 260]_0.0E0C 531 133 1| 312 O96E07 526 306 1 O I _ 42
2-Aup| o 5o 1] 0260 46E07] ~ 13] 543 153 0 32| 463€0r] 2] 638 306 o Tasf 463e.07]  11] S04
2BAugl Al 894 Al 1% 83607 K5 T3] q]__31l 483607 530 306 Of 1341 46307 504
28Aug[ B 559 a4 0 2611 DOE«00] 8] %51 133 0313 ol 8] _ b 306 o] 124 ] A
30-Augy 5ag A 251 551 133 Rik) 540 ) T | Bt
1-Aug 699 1 261 551 133 atd] 646 A 134 511
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Sappl Englra Capping Rosulls: Solacted Data and Cumulalive Totals

All Cum. [Collt | _ {iall 2 . Lol 3 | .

Potent. |Polanl, |Runeff 1Gum. lgaapngn cum. MHydraie [Equiv. JCum.  JRunoff [Cum. Sespage|Cum. [Hydraulic tEquiv. JCum.  fRunoll [Cum. )Seepape |Cum. {Hydraulic |Equiv. - Cum.
Evap |Evop [Sump jEouiv [Flow  [Seep. (Conduel. [Pracip.|Equiv. Equiv_[Flow | Seep. |Conduct. (Procip. [quiv. Equiv _{Flow |Seep. JGonduel Pmcip.'iEguIv.-.

Data  [mm_ Jmm  Jmm  |Runoff [mm Flow _|omis mm__[Pracip jmm __|Runoff {mm Flow |envs mm__ [Fregip. jmm Runoft fmm Flow [emfs  smm  [Pracip.
1-Jul 62 14 %3 157 133} 283| 422 301 129 422
2-Jul | 38R 41 253] 457 133} 283 _ 422 3] 129 42|
] 362 A4 = 457 X 263 22 a0t 129 422
uyl 362 44 263 457 133 203 42 A 129 | 422
5-Jull 362 4] 253 457 133 263 422 ] 12 _ 422
G-Jull 367 44 ) - A7 733 - 422 3] 2 422
R 25 &68 44 0] 263) 0.06+% [ 3 13 0] _264] 456608 G 422 X 0] 129] 2.30E-08 0] dd2i
0B-Ju 300 44 253 457 EEX) PI]! i) a0 129 iz2
09-Jul Al__302 A4 0] 253 OOE«0] O 467 133 0[ 284} 8.04E.08 of 42 301 0] 128 04 422
il | 392 44 253 457 133 ' 204 A22 301 120} - 42
H-dul 392 44 263 457 133 204 422 Kl 128] 422
T 392 44 253 457 133 264 A2 a01| e 422
13-4 304 44 253 457 133 284 422 an 124 422
hJull] 392 A4 253 457 133 284 422 anl 128 42
{5l 302 1] ) - 457 133 L 42 301 12 22
16-Jul 11] 403 LL 0] __263) 0.06+00 0] 487 3 1| 284) ¥A9E-08 0 422 301 0]  130| 4.59E.Q8 0] 422
T 403 A P 457 EKE]| 284 % S} 13 42
Bl A03 4 PLEK] 467 133] 208 42; 301 3 22
1hedut 403 ad PIA] A57| 13| 204 an 30 30 422
20-0u) 403 4 ] W 13 1] 12 1] L] 4
PART] 15 418 44 0] 263 ©0E+00 0 45_.? 133 1|”_285] 1.20E-07) 0 A2 I 1] 1308 1.39€.07 0] A2
AT 7 4 5 457 3] 20| i ) 13 12
23441l A8 ] 253 357 | 13 268 LPF] Wi 13 4%
2-0ul) 478 4 B/ 457 133 289 - 427 I [ . %
PR I T 4 0| 263] 0000 o[ 457 133 0| 26| \BEGT| O 422 N O _130| AG3E-08 0| 4%
[ 26l ~ T Ay i LR [ 13_3’ 2% A2 30 130 &
200l izl 4 253 A7 133 I 122 0 £ I 42
DBl B 4:_1.!}{ 44 01 2531 0.0E+00 a 457 133 0] 285 9.26% (8 ¢ Lﬁ 30 0]  130] 1.09E08 042
LT R R ) 753 R 13 285 12 ] 740 7]
30-Ju 435 44 253 457 13 285 A2 301 130 42
aguy 435 44 253 457 133 205 432 301 130 A2
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Sappi Enslra Capoing Fesults: Selocted Data and Cumulative Tolals

[Al " TCum. ™ TCell{ _ [Call 2 Cell 3 }__
[Patan]. |Potent. [Runoff ICum. [Seepago|Cum. [Hydrauli Equiv. Cum.__JRunoff [Cum. _[Soepaga|Cum, [Hydraulie |Eauv. |Cum. [Runofl [Cum,  [Seopoge |Cun, [Hydroulie {Equlv. |Cun.
Even [ﬁtap Sump |Equiv Flow  [Seep. [Conducl. tPracip {Eaury. __|Bauiy_[Flow — |Seep. [Gonchcl " eip. | [Equiv. Egpiv Flow Sonp. (Conduel, Progip. |Equiv.
Date  Jmm  Jmm  mm [Ranofl [mm Flow [sm/s mm__{Pregip. fmm__IRunoff Jim Fow jom's _ Imm _ JProcip. jmm__ jRunofijmm  IFiow omfs mm  |Pracip,
0F-Jun 262} T I 420 {3 269 420 301 {FX - iﬁ
O2-bny 11| 273 0 44 7] 243 27608 B 40 0] 13 & 274] 1.03E.06 ] 420 [N 4) a7 171606 op 420
Gd-dun| Al 7| 0| a4 |_244| 96e07| 0| Ae8| O 1931 4| ara|9poE0;| O 420)  of 301 1| 128] 120E-08] 0] 420
Oddun] ~—2[ 279 0] 4 1] _244] 6AEQ7] 0| 420 0 133 O] or|dzEon 0 4] O 301 o T@BIeiEor] T o] 420
05dun 4} 283 0 dd 0 244, 00E+00 0 4% 4] 133 2| 276} 1.93E.06 ] 420 Ol 301 0f 1l 322607 i _ 420
06-Jun 4 28ﬂ O 44 ¢  244] C0E+00 9| 420 G 133 1] 277] 9.66E-07 0 420 Nl and 0] _129) 6.43-08 )
7-Jun 287 A 244 430 33 o 420 A0 129 420)
B-Jurt 207 44 244 4% 13 Pl 470 at {F2:] I 420
T ] P I IO O|_244] O.0E+00] 4| 20| 0 133 1|__208| G260 O 4g0[ 0 301 D) 120] BETE0B] 0] 40
10-Jun 4] 300 0 44 0] 2441 DOE+8D g 420 0] 133 0] 216l 129607 { 420 0 0 14 4 0] 420
TN ) | T 0 244] OCEX® 2| 122 O] 133 0] 278 Te{ER7| 2| 437 0]__301 o 1291 o3[ 429
12=Jtin 2| 304 { 14 0 2441 00E+00 Df 427 [OIREE) 0] _2r9) 322607 0 422 0] 301 g~ 129{ 6.43E-08 0] 424
13-Jun 3| 367 0 441 O] 2441 D.0E+D0 0] 422 0 13 01 279] 482807 0 422 040 g]__129] 9.65€.08 Dy 422
14Jn —gﬁl a 244 2 JEE) PIE] 42 30 12 22|
16-Jun {307 44 1 2Ad 42 139 29| 422 a0 a8 _ 422
16dnl___ 7 3111 ol 4 0 244| OOEsDU]__ O] A22| O] ja3) 1| 2@0| Abaca7i O] Azl 0 o 0] 126] Sa6EUA] 0| 422
T-dm| 3 417 0 M ] __2ha| O0E<00| O] dza| Ol 13| 0| 260| sapeor| 9| e G 301 | ] I P
8Jun[ 3] 36 0] 4 B)_ 44| OGEvg0[ 0| A% O 133 (" 761| Seeeor] o dzel O 301 o] 12 ]
T6duni 4 328l O M 0 244] O.0EW0B[ Ol 4zl 0] 139 O _o8i| d22e07) 0| Az O d0f 0 129 o o 42
-dun| A3 6 4 D AU OGEGO] O gl 0 139 1|_282) 6.496:07| 0| 4231 0 301 G 12 oo 43
21un 327 A 244 422 pEE] 282 42 36 15 : - A2,
 22-dun 32| ¥ P21 @ BER Ea‘ﬂ o K77 D 12 1 422
2T O O 0| Z44] OQE~00l O] 4zl 0] 188 ] P OS] ) D 7] I Gl 12 ] I
24sJun 3 38 0 44 0] 244]_0.0E+00 0l 44 o 133 0] _7282] 34260 { 422 I L 128 i 01 422
G-dun| 4 330 4 0f 244 0.0B«00] 35 467] " O] 133 0] 282 3.22&0?' Ol 42| 0] 301 o 128 8 0] 42
"26-0un| 3| 346 0] M B 262) BJE-08| O] Aar| O] 138 0| 283920607 of 432 0 401 o129 ] S 7
Zinun 2 348 0 44 2| 283 18606 O Aau7 0] 133 0] 2831 322607 [ A O 129 { 0 422
26-Jun 348 a4 M 457 EEY 283 422 B 12 [F¥]
29-Jun 348 a 253)__ 387 KK 283 4% 3 128 422
30-Juh 1} 362 G 44 9| 2531 GORM0 O 457 0] 133 0| 83| 1.07€.07 0 422 0 3H O 129 1 { dgg
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Boppi Enstra Capping Rasulls: Setected Data and Gumulative Tolils

Al [Cum._TCell] ] ! 158l 2 Coll3 _
Pofent |Polant. [Runolf [Cum. 1SgepaneiCum. [Hydraulic |Equiv. [Cum. [Runoff |Cum. Seepage|Cum. [Hydraulie |Equiv. [Cum.  |Runcil {Cun. |Seepaga jCum. jHydraulle jCaulv. |G
Evap JEvap [Sump |Equiv |Flow  |Seep. |Gonducl. |Pracip|Eauiv. i Eruiv Flow |Seep. [Conduct. |Pracip. [Fauiv. Equiv [Flow  {Seep. [Candudl, |Precp. |EqLﬂv.
Oafe __[mm__ [mm qmn1__Runolf [t ‘F-'faw Gmis nm IE-5!'_re_c|'p fmm  [Runofl Jmm Flow fem/s  Jmm  JPrecip. Jmm Runoff jmm Flow jeenvs mm
_T-May| 7 al 18] 30 % W | % 2% 65|
2May| 7| 182 o 4A 0] 13| OOE+00[ ol 302 0| 82 0 191] 643608 0] 802 of 238 0] 65| L.6:607
3May 182 a4 1% 302 92 18 302 739 65
A-May 182 A 1136 302 I 151 02 239 &5 '
Eway| 3] _fe8y o 4 of 13| 00E+00] 1| a0a 0 8 4| 196f 161E06) 1l apa| 0| 23 2 Efl'a' T
SMayl a3l 198 o 44 0]_136] 0.06+00] 0] 03] O &2 o[ 196 o 0] 303 o 7% o & 0 0
TMay| 6| 203 0] 4 0] 136 O.0E+00| 0| 303 | 62 6] 106 o ol %08 o239 ol 67 ol 0
BMayl Al 201 0| 42 0] 136] OOE+00| Of ama| 0| 92 0 196 oo a0 0] 299 o 67 o[ 0
O-Mayl 3| 2101 0] 44 0]__136] OOEW0[ 0] abe] 0] 92 O] 198 a0 :10§J_ o] 2% ] sj_# o 0
10-Mayl - 210 | 138 308 b2 186 303 230 67
T1:Nay) 210 44 136 303 52 [ 03 238 I N _
[ 2oyl BI" 218l DI 44 O 13| DOE+dg, 0] 33 0} & Al oog[ 1.616.08] o 309 Bl 23 B|_ 67) G36E08] @
{3May] 6| 224l 0| 4 D] 43| 00E+00] O @] O 8 o a0 ol 0 a3 o 2% o 67 @G D
[AMay] 4l a8 0f 44 O 138] o.0Ewpa] o] a0 9 o2 0{ 200 161E07) 0] 303 0] 238 o] 67 161071 0
BMayl @ 2301 0 44 0 136] OOE+00] Of 303 0 92 o] 200 6 of 903l 0] 2 of &7l o€
oMoy 2| 283 0 44 O] 13| GOEY00| 0] 30| 0| 02 o[ 200 o 0 agal o 230 o6 o d
17y 292 ] I I EIE]] 52 200 303 239 B7].
J3-May 232 a4 136 303 I 200 K] L] &7}
“19-May 131 6|0 44 O {d6| OOE00 ©] d03] 0| 62 Al 204] 171006 O] 409 o] 239 o 67 oo
20-May {248 0 M 0 136 O0E+00 0] 303 0] & 0] 204 oo 308 6 23 o & ol 0f
[ 24May| 4l 63| O] 44 0l 136 OOE«d0] 0| 303 0 62 o] 204 ] I o230 o] & o0
| 22May] 3| @58 0| 44 0 13| GOEs00] 0| doa 0| 62 0] 204 o o a3 O 73 0|67 of "0
Z3Mayl 2| 208 0 44 B 135] D.0E+00| 0 03] 0] 62 0f_ 204 o o 30 0 239 0] 67 a0
24-May P 44 - 303 52 204 i8] PE] I
25-May 250 7] SRR I 303 02 704 03 23 -
[&Mayl — 0] 285 O 28] 76d] 1AE0B| 85 age} 190) 116] 27| 2% 1_.05E'-‘“-nsk"“'ss 388 a0 an 2| 50| 9 00E-06]
27-Moyl_— O 3b6| O 44| 28| 02| 3E0al 18| Ape|  B0| 2| 7| 2d8| TOBE08| 18]  408| 120|298 17 107 TIES]
[ 28Moyl O 28B[ G" AA|” 28| 20| 3E-0[ 14| 420f 30| 133 a‘ 260] 10SEGB] 14l 4200 20 301 11| 117 122608
20-Mayl 1] 260l O 44 T]_230] 13608 D 420] 0] 139 7] 265 772668 0] 4% ] 3] _120] SBAEDE]
0-Mayl 8 62 O A4 8] 236] 7.E0B| 0] 420, O] 13 Al 360] 480508 Ol 420 1 ED) 3] 123] Z57E-06
AtMay 202 ad 23 420 133 263 20 0 123

v memes . . L] . . M



Sopp! Enstra Capping Roenlls: Sefectad Data and Cumulative Tolals

{8 Toum. TCallt _ L Coll2 | [ Cell 3 |l
Poiont. [Potent. [Runolf {Cum, Seapage(Cum. |Hydraulie |Equiv. |Cum. _|Rupoff [Cum. Soepage(Cum. [Hydraulls |Equlv. [Cum. _ [Runolf |Cum. jSeepage [Cum. [Hydraulie Equly, jCurn
Evep [Evap [Sump |Equiv iFlaw  |Seep. [Conduct. |Precip |Equiv. Equiv_[Fiow [Seen. [Concuol. |Presip. |Equiv. _{Equiv iFlow  1Seep. [Conducl. |Precip. |Equlv.
{Dele__|mm__|mm__Jnwn__|Runofl mm___|Fiow jemis __ fmm Progip mm__ JRunoff Imm _— [Flow joiis _ jrem  |Preclp Jmm _ {Runolf jmm  iFlow [emis mm" Pealp.
oot 2] 69 Of 44 7 _128] Age08] 1| 2ra) o 82 11| {67| ee=os| 1| 279 0| 239 1] 61| 64EQ 1219
O2Aprl ~ 6| 64l O 44 B 16| B87/&08| 0 279 0 9 3| _160] 32608 of 278 0 239 0] # _I o) 279
3Apr| B 68 of 4 Ol 13| ToE07] O arat 0| 92l 3| f162] 26E06| U] 279] 9| 7a9 o6 2 ?| oF 279
| 0d-Apr 8 7 0 4 0] 13 96E08l 0 28 821 {164 1.6E-06 0 219 238 o 62 3 0f 21
[ 05-Apr kil 44 138 2?9 | 164 _ FIL] 23 k2 ﬁ
06-Apr| 1 i 136 219 0] 92 L] 270 () b2 |2
2 A L G T X5 O N O N N2 O O O OO =1/ S
08-Apt g 65 0 4 0]._136] 0.0E+0G G| 286 0 92 0)__172| 16EL07 Al RBB 0j 23 0 83 0.0E+00 9 286
08-Apr( 40 80 0f 44 0f 138 0.0E+00 0 286 L 1] 73| B4E07 [} 268 0 _ 239 0 b3 48607 i 2§§1
10-Apr 5 B5 0f # 0]__136] 00400 0| 208 o 92 0f 173 3.26.07 O 788 0l 239 M 62 16E07 0]__286
11-Apf, 4 {9 g 4 0 136] 0.0E+00 G| 266 9 1) 174} BAED7 0 286 20 OF 62 6.4L08 0] 288
2:hpr 7 ] 196 258 ) 174]_ 286 PR 7] _289]
Ta-Apr 89 2] S 2B 0] @2 A |8 6] 238 % . 268
Ao 8 196 0] 44 O _136) O0E+00] 0 28| 0 0a| 11| 1GA| G.AE08| O 288 o] 23 0 63| GBED8] 0] 288
165-Ar 0 115 0 M 0136 0.0E+00 02861 0 @ 0] 184! 2.6k07 1] 206 of 230 0] 63 BA4R00 0} 285
6ol 6| 1 o M 0] _136[ 0.06+08] 0| 268f 0 82 0 8| 3Ze07| 0| _206f _ 0 239 O 63] 19e07] O 266
| A B 190 6 a4 0" 136 0QE+00] o 286 o 92 0| f88| 4BEQ7t O] 28 ) R O 63 23E07 0 zaal
18-Apt 0] 130 | L Of 136 C.0E+DD 0 286 92 Q) 185] 28E07 ¢ 268 23 Of 63| 1B8EG7 g 286
19:-Apr 130 44 13 286 92 185 286 230 83 208
20-Apr 130 Ad 136 286 92 164 286 2391 63 _ 266}
2040 A 1% 0 4 0] 136] D.OE+00 8l 284 0] 92 2] {87| 0D.6ELY 8 w4 0] 2% 0r 63 11E07 8] 204
22-Apt 4 142 0 44 0p 138} 0.0E+00 of 204 0f 9 1] 1687] b.GE07 0 204 0! 239 0| 63| 0.0E+00 0 a4
23-Apt 2 144 o M 0y 136} 0.0E+00 2 2% 0 @ O[ 167) 6.4E.08 2 208 O 239 0| 64| 13E07 2| 208
| _24-Aor 4 48] 0] M Op 136 0.0E«+00 6] 302 0] 92 1] 188] 6.4807 ] 302 0F 230 0] 64| 138407 g 302
[ BA] B 156 0 0] 138) 0.0Es00] 0] 202) Q] 92 0} 188 13E07] 0] 302 0 239 0 64] 6AE08]  0j 302
26-Apr 158 L] 136 302 2 188 302 238 ] ' 302
27-Apr 156 4 198 32 92 148 an2 2% 64 302
a-Ape 166 44 136 02 32 168 302 238 64 _ 202
Chorl 7)1l o M of 136] 00«01 o a2l 0] 92 3 1ot] ovE07] o] 302 0f 239 i 64| 10807 ol 302
0. Apt 2| 118 0f 44 0| 136] 0.0E+D0 0 302 [ 0f 194} 1307 0 302 0j 239 -0 64| 18E.07 0f 302
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Soppi Enalra Capping Resulte: Sefectod Oata and Cumulative Tolals

Al JCum. ol I Calz ] | _ Cell 3
Polert, |Potent. iRunoff 10um. _|Soepage |Cum. |Hydraulio |Bquiv. [Cum. {Runoff [Cum. |Seepage|Cum. {Hydraulie [Equiv, |Cum.  Runeff |Cum. [Seapage [Cum. [Hydreulic |Equiv. 1Cum.
jEvap |Evap [Sump |Equiv [Flow  |Sesp. [Conduct. |Precip.Eaulv. Equw [Flow  [Seep. |Conduct Pracip. {Fauiv, Equiv_{Flow  |8aep. |Conduct. |Predlp. |Equiv.
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I intarnal by, |

gorrespondence . tine
paners
{pty) limited
REF: ABKI/|c0667 DATE: 20 August, 1997
FROM: A B. KUMALO TO: N.P. LEHOKO
MILL LAB R. SNYMAN

SIS O EE SAMPLES

CELLY = |CELL2 _|CELL3
pH _|8g0 7 T l7es 7.92
Conductivity {18/m) 67.4 205 143
{Total Alkalinity _  |2626 _  |13033 __|8443
 Total Hardness 320 1388 846
Suiphate as 80, 83 25 11
 Chlotideas Ol |80 .135 . L. uoe _
Potasslumas K 443 " TUso e T
Sodium as Na |98 136 136
coD 18 2088 _ 188
Nltrogen « NH, 0,03 4,84 0.46
- NOy 0.6 2.0 . 0.2
| Calclum as Ca 126.8 367.3 169.6
Magnesfumas Mg |27.00 11342 |8420 -
Manganeseas Mn 0049 T lods " T |aso T
iron as Fe 0022 14384 0,37
Aluminium as A Nit Nil N#

NH:

All results expressad in ppm except for conduclivity and pH.

A B. KUMALO
SENIOR CHEMIST.
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