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Abstract

The leachates from municipal solid waste landfill infrastructures are usually
contained by sufficiently impermeable membranes in order to preserve underlying
subsoil conditions and protect groundwater resources from contamination. Before
concrete can become a material of choice for containment the nature of leachate
chemical constituents must be ascertained to ensure that they do not become
deleterious to the concrete liner thereby impacting on its durability. The chemical
components critical to concrete durability are sulphate, acidity, aggressive carbon
dioxide, ammonia and magnesium; although chloride possess no direct threat to
concrete but to reinforcing steel, it was nevertheless investigated. Solid waste
leachate compositional characteristics were investigated in experimental procedures
and by examining studies on leachates from Nigerian waste dumps/landfills,
leachates characteristics of landfills in some developed and developing countries
were also surveyed. The results showed a wide variation of component
concentrations but maximum concentration levels indicated that the exposure
environment created by the leachate would be harsher than the existing most critical
exposure condition of being highly aggressive and the leachate environments maybe
described as extreme aggressiveness. Except the it is to be combined with protective
coatings concrete lining membranes must be made of the highest quality standards
and may thereafter be suited for secondary lining applications or as confinement for
leak detection layers.

Keywords: landfill, leachate, chemical environments, exposure classes, concrete,
containment and concentrations.

Introduction from these landfills (Kumar and Alappat,
The most commonly reported danger to 2003). The Jamalpur landfill site of
human health from uncontrolled and Ludhiana City, Punjab in India had neither
unlined landfills is from the use of polluted any baseliner nor leachate collection and
groundwater contaminated by leachate treatment system, therefore, all the
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leachate generated finds its path into the
surrounding environment, it was found
that the leachate pollutant variables
exceeded the permissible leachate limits
(Bhalla et al 2014). Also in other
developing countries contained landfills
are rare instead unlined open waste dumps
are prevalent.

This incidence is usually prevented
by providing relatively impermeable liner
membrane materials to underlie the waste
and contain the passage of leaching fluids
to subsoil layers and the groundwater.
Liner materials are not completely
impervious to fluid movement, but
provided they are constructed using
appropriate materials and engineering,
leakage of small quantities of contami-
nated fluid is unlikely to cause significant
water quality impacts. Compacted clay
soil are the cheapest liner materials that
can be provided, but with high risk
contaminants, a containment system using
a synthetic membrane liner or matrix of
liners and seepage recovery systems could
be utilized. The permeabilities of geomem-
branes and bentonitic geosynthetic clay
liners are in the order of 1.0x10"‘cm/sec
(with proven performance for a period
greater than 30years) and 1.0x10""cm/sec
respectively, whereas the permeability of
compacted clay liners is about 1.0x10
‘em/sec (GSE Environmental 2013).
Although there have been increased
emphasis on prescribing composite liners
consisting of geomembranes and compac-
ted soil for hazardous and solid waste
landfill designs, however, a resurgence in
mid-1980s into the use of asphalt concrete
for waste isolation was initiated by the US

Department of Energy in their quest for
very-long-term (1000+years) hydraulic
barriers for radioactive and mixed waste
sites (Bowders et'al, 2000).

Concrete permeability is sufficie-
ntly low to make it attractive for contain-
ment purposes. Although maximum
acceptable concrete core coefficient of
permeability is 1.0x10"cm/sec when
subjected to a 1.0m (constant) pressure
head of water (Department of Water, 2013)
the actual hydraulic permeability of
concrete is much less. Good quality
concrete containment area has permea-
bility of 1.0x10""cm/sec (DER-17:2008).
but the hydraulic permeability of concrete
measured at maturity periods between 90
and 100days showed that water/cement
ratio, strength (invariably) and curing
duration would influence the hydraulic
permeability of concrete (Aberdeen
Group, 1989). For water/cement ratio less
than 0.40 the permeability is about 1.0x10
“em/sec, but rises to 2.5x10™" and 7.0x10
“cm/sec at water/cement ratio of 0.60 for
curing durations of 7days and Iday
respectively. But permeability rises
sharply to 8.0x10™ and 40x10""cm/sec at
water/cement ratio of 0.75 for curing
durations of 7days and 1day respectively.
These compare favourably with the per-
meability performance of geosynthetic
clay liners. The hydraulic permeability of
concrete could further be reduced by
application of supplementary cementing
materials like slag (Ozyildirim 1998 and
Slag Cement Association 2002). There-
fore, considerations may be given to the
application of concrete as primary or
secondary liners in municipal and
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hazardous waste landfill respectively.

However, notwithstanding the
acceptable low permeability status of
Portland cement, concrete materials or
associated derivatives whether in the
reinforced or plain forms they have not
been popular for landfill lining and
leachate containment. The reason for this
may not be farfetched from durability
concerns that could arise from contacts
between the concrete surfaces with wastes
and leachate on top and prepared soil base
at the bottom. The concrete is therefore
likely to be exposed to moist conditions
and possibly to different levels of chemical
constituents some of which may be
harmful or deleterious to the concrete
liner. Also leaks could occur from cracks,
joints and penetrations, therefore adequate
attention must be given to the ultimate and
service conditions in addition to the
durability considerations. While the soil
base conditions when known are likely to
remain stable but the /leachate charac-
teristic and composition will depend on a
number of factors which apart from the
nature of the waste the other major factors
are the amount of rainfall and the land(fill
age of the solidwaste.

The amount of rainfall has a major
influence on the leachate chemistry. The
rainwater infiltration could effect a reduc-
tion in the concentration of all leachate
chemical components. From a hydrogeo-
logical consideration of the chemical
composition and the rainfall distribution,
three types of leachates have been
distinguished (Vadillo et al, 1999):
leachates produced during severe
droughts, leachates of high rainfall periods

and leachates of normal rainfall periods.
The first type, show the highest minera-
lization. The second type, are samples with
low mineralization and low concentration
of chemical components, these are the
most diluted samples. The third type
belongs to the mean composition of the
leachate and occurs in normal rainfall
conditions. Also leachate characterizations
maybe categorized in phases (Environ-
ment Agency, 2009) and in the initial
phase of aerobic microbial decomposition
the putrescible wastes undergo aerobic
biodegradation until the available oxygen
is used up. During this time, generally less
than one month, carbon dioxide is the main
gas produced and heat is generated, the
leachate contains low molecular weight
carbon compounds and ammonia and its
pH is approximately neutral. The second
phase is acidogenesis and aerobic bacteria
are superseded by anaerobes as oxygen
levels drop, also complex organic material
is hydrolysed and volatile fatty acids are
produced and the leachate pH drops as
volatile fatty acids accumulate; carbon
dioxide and hydrogen are produced. In the
third phase known as the acetogenic acid
phase long chain fatty acids are broken
down by acetogenic bacteria to acetate,
carbon dioxide and hydrogen. The pH of
the leachate may drop to less than 5.0. The
(fourth) methanogenic phase anaerobic
methanogenic bacteria convert the
products of acetogenesis into carbon
dioxide and methane. The pH rises (pH7.5-
9.0) and the degradability of the residual
leachate dissolved organic carbon is
reduced. The fifth and final stage is the
aerobic phase when aerobic conditions are
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re-established and aerobic microorganisms
replace the anaerobes. Generally, the pH
for young municipal solid waste landfills
are within 5.6-7.0, for the acid and
methanogenic phases the pH ranges are
4.5-7.5 and 7.5-9.0 respectively, phase
overall pH range is about4.5-9.0.

Therefore waste characterization,
rainfall patterns and landfilled waste age
would engage in a complex interface to
determine the nature and concentrations of
leachates to be produced in the landfills so
that leachate characteristics would
consequently be expected to vary conside-
rably. It is important to ascertain the range
of variation of the lethal leachate chemical
constituents in order to determine the
impacts of landfill leachate on concrete
durability. The ensuing information is
needed to ascertain the suitability or
otherwise and possible application
procedures or incorporation of concrete
materials to landfill lining systems which
may nevertheless be a relatively more
economical convenient option of safeguar-
ding public healthcare by preserving
subsoil geology and protecting ground-
water resources in developing countries
where most waste landfilling infrastruc-
tures (or open dumps) are unlined.

Deterioration Of Concrete In Chemi-
cally Reactive Environments

Most known substances have degrading
influence on concrete to varying degrees
and extents in duration and concentration
ofthe substance. Even pure (soft) water has
low concentrations of dissolved ions which
make the water aggressive when it flows in
quantity over a concrete surface. The

Portland Cement Association (2001)
lists more than 100 potentially destructive
inorganic and organic substances which
have been reported as attacking concrete.
Although the possibility of encountering
most of them either in the ground or as
effluent is rare, it may nevertheless require
one or two or more of the deleterious
substances to significantly affect the
durability of the concrete. The Aberdeen
Goup (1975) compiled a list of substances
that could cause concrete to disintegrate,
some of the substances and their effects are
described in Table-1. Garbage, sewerage,
slaughterhouse wastes, vegetable fats and
oils, lactic/butter/sour milk, animal fats
and oil, vinegar (acetic acid), etc. which
have varying concrete degrading influen-
ces are all expected to constitutes landfill
wastes serving municipalities. Secondary
substances like carbonic and sulphuric
acids may be produced within the landfill
by dissolution of carbon dioxide in water
and the hydrogenation of the free sulphide
and sulphate ions respectively, both acids
would inadvertently attack concrete and
embedded reinforcing steel. Therefore, the
use of concrete liners for leachate
containment must be critically assessed
and design recommendations strictly
complied with since the environment and
exposure conditions are very likely to
impact harshly on the durability of the
concrete which may lead to damage and
rupture and subsequent pollution of the
underlying soil strata and groundwater by
the released leachates.

Critical Chemical Concentrations Of
Deleterious Substances In Contact With
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Concrete

Preceding specifications standards
(CP110-1973 and BS8110-1985) to the
subsisting Eurocodes on structural
concrete emphasized that sulphates, acids
and chlorides in structural applications of
concrete were to be investigated and
specifications procedures were to ensure
that they were either below critical limits
or adequate adjustments should be made to
concrete mixes in order to provide
concrete that would be durable in
chemically aggressive environments. A
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moisture condition in the environment was
taken to be near neutral when the pH is
between 6 and 9, and acidic condition
becomes prevalent when the pH is less than
5.5. Sulphate levels less than 300mg/l were
considered safe, but at higher concentra-
tions in near neutral acidic conditions
ordinary Portland cement would not be
adequate, instead sulphate resisting
Portland cement or super sulphated cement
should be utilised.

Table-1: Some substances that may affect and cause damage to concrete (Aberdeen Growp, 1975)

Chemical substance

Effect on concrete

Animal fats and oil, vegetable
oil, mineral oil, linseed oilgtc

Attack concrete to varying degrees, depending on concentration of
fatty acids and viscosity of the oil

Vegetable fats and oil

Attack concrete to varying degrees, depending on viscosity of oil
and concentration of fatty acids

Carbon dioxide

Harmless to mature concrete, but may dissolve in water to produce
carbonic acid. When freshly placed concrete is exposed to sufficient
concentration ofCOpit will harden with chalky, dusting surface.

Carbonic acid

Highly corrosive to lean  permeable concrete and causes slow
disintegration of better concrets.

Water, natural pure

Can contain harmful carbonic pure acid produced when carbon
dioxide dissolves.

garbage

Disintegrates concrete slowly.

gasoline

Not harmful to concrete.

Hydrobromic hydrochloric
hydrofluoric, nitric, sulphuric
acids, etc.

>

Continued contact with strong solution destroys concrete, weak
solutions attack slowly.

Hydrogen sulphide

Not harmful, except in moist, oxidizing environments where it
produces sulphuric acid, causing slow disintegration.

Iron sulphide (pyrites)

Disintegrates concrete of inadequate quality if it contains ferric
sulphate

Lactic acid, sour milk,
buttermilk,

Causes slow disintegration

Magnesium sulphate

Solutions of 0.50percent or more strongly attack concretes of
inadequate sulphate resistance, producing disiptive expansion

Seawater

Disintegrates concrete of in-adequate sulfate resistance and attacks
reinforcement in porous or cracked concrete
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Sewage

Usually not harmful to good concrete. If hydrogen sulfide gas is
present and exposed to air, sulfuric acid may form and attack the
concrete

Slaughterhouse wastes

Cause severe deterioration of concrete

Sodium carbomte (in solution)

Not harmful to well-cured concrete but may cause fresh concrete to
deteriorate

Sodium chloride

Not chemically aggressive to ¢ oncrete but causes reinforcement
corrosion in porous or cracked concrete

Sodium hydroxide (lye)

Not harmful at ordinary concentrations except where concrete is
made with alkali -reactive aggregates. Above about 20% attacks
concrete

Sodium sulfate

Solutions of 0.5% or more strongly attack concrete of in -adequate
sulfate resistance, causing disruptive expansion

Sugar and sugar products,
marmalade, molasses

Dry: no effect on hardened concrete, bute ven trace amounts of
sugar in freshly mixed concrete retard set, and may make concrete
totally unusable. In solution: attacks concrete.

Sulphur dioxide

Dry gas has no effect on dry concrete. Combined with moisture, it
forms acids which cause etching and longerm deterioration

Vinegar (5% acetic acid)

Slow disintgration of concrete.

Also sulphate resisting cement and super
sulphated cements are considered to have
acidity resisting potentials and maybe
provided in environments with pH less
than 5.5, but when the sulphate
concentration exceed 5000mg/I protective
liner membranes or covering such as
polyethylene, polychloroprene or surface
coating based on asphalt, chlorinated
rubber, epoxy or polyurethane to prevent
contact with the sulphate solution must be
provided in addition to the combined use of
sulphate resisting Portland cement or super
sulphated cement. The adverse effects of
chloride become significant when the
substance fully penetrates the concrete
cover and corrodes reinforcing steel
reducing their effective sizes and strength
capacity. This was to be mitigated with a
concrete cover of 50mm, with minimum
cement content of 400kg/m’ and maximum
water/cement ratio of 0.45 to provide
minimum grade strength of SON/mm”. The

ensuing concrete would be impermeable
enough to ensure that full cover
penetration does not occur within the
design life of the structure. The Eurocode
specifications standards (BS EN 206-
1:2000 and EN 1992-1-1:2008)
considered three more substances
deleterious to concrete material stability in
addition to acids and sulphates described
in earlier specifications models. The three
new substances are aggressive carbon
dioxide, ammonia and magnesium.
Therefore, five chemical substances form
the basis of design considerations which
are possibly assumed to be critical to
concrete material stability. The chemical
actions of the five substances and chloride
are discussed as follows.

Sulfate attack

When in contact or ingresses into concrete
sulfate anions (SO,”) would stage chemi-
cal attacks on the unhydrated aluminate
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component of cement to produce supho-
aluminate hydrates, also the sulphate
would react with the calcium hydrxide in
concrete to produce gypsum, both reac-
tions and products are accompanied by
relatively large volume increases which
would often rupture the concrete. The
reaction with calcium hydroxide would
reduce the passivity and durability of
enbeded steel reinforcements.

Acid attack

Acids dissolve the cement paste matrix
resulting in the weakening of the affected
concrete. The rate of attack depends more
on the rate of water movement over the
surface and on the quality of the concrete,
than on the type of cement or aggregate,
therefore high quality concrete is needed.:
Mildly acidic (pH above 5.5) mobile water
will attack concrete significantly, but the
rate of attack will be generally slow,
particularly if the acids are primarily
organic in origin.

Attack from aggressive carbon dioxide
carbonic acid (H,CO,) which is formed
when carbon dioxide dissolves in water
reacts with any carbonated cement (or
limestone aggregate) to form calcium
bicarbonate (Ca(HCO,),) which is soluble,
thereby depleting the concrete material.
Consequently the bicarbonate ions (HCO';)
in solution would require a certain amount
of the dissolved carbon dioxide to stabilise
it resulting in reduced levels of carbon
dioxide in solution that will be available for
further attack on carbonated concrete. The
'aggressive' carbon dioxide is the
remaining available dissolved portion.

Ammonium ions

Ammonium salts act as cation-exchange
compounds [Environment Agency 2000]
to transform the insoluble calcium in the
hardened cement paste into soluble and
leachable calcium salts with the release of
ammonia as gas. The removal of both
reaction products results in mass loss and
consequent increase in porosity of the
concrete with vulnerability to further
attack. Ammonium salts also act as weak
acids which neutralise the alkaline in the
hardened cement paste destroying the
passivity thereby reducing the durability;
the removal of the hydroxide ions results in
softening and gradual decrease in strength
of the concrete in addition to the corrosive
action of the ammonium ion.

Magnesium ions

Magnesium is hazardous to concrete when
the magnesium cation (Mg”") is in high
concentrations and in association with
certain other chemical substances mainly
the sulfate anions (SO,”), magnesium
chloride (MgCl,) is also aggressive to
concrete. A major mechanism of the action
of magnesium ions in concrete is the
replacement of calcium in calcium silicate
hydrates to form magnesium silicate
hydrates resulting in loss of the binding
properties and strength. Brucite
(Mg(OH),) also results from magnesium
attack.

Chloride ions

The presence of chloride maybe beneficial
in concrete since it generally reduces
sulphate attack. While not usually causing
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chemical attack on concrete, chlorides can
lead to degradation of concrete by
crystallisation of chloride salts near to the
surface of the concrete. High chloride
concentrations will increase the risk of
corrosion since chloride ions may migrate
into the concrete and lead to a reduction in
passivity at the metal surface. The
presence of chloride ions, together with a
pH below 5.5, could indicate the existence
of hydrochloric acid that may cause acid
attack.

The Eurocode EN206-1:2000
identified three categories of concrete
exposures to these deleterious chemical
substances which are slightly, moderately
and highly aggressive conditions depen-
ding on the concentration of the substance.

The ranges of concentration are provided
in Table-2. The lower limits of sulphates
for slightly, moderately and highly
aggressive conditions are 200, 600 and
3000mg/1 respectively. Acidity conditions
with pH range of 5.5-6.5 is described as
slightly aggressive but pH levels 0of4.5-5.5
and 4.0-4.5 are the higher levels of acidity
for moderately and highly acidic
aggressive conditions respectively.
Ammonia, magnesium and dissolved
carbon dioxide concentrations above 15,
300, and 15mg/l respectively would alrea-
dy have made the chemical environment to
become respectively aggressive.

Table-2: Chemical environments withLimiting values for exposure classes for

chemical attack from ground water [ BS EN206-1:2000]

. o Slightly Moderately Highly
Chemical characteristic . . .
aggressive aggressive aggressive
2 > 200 and < 600 >600 and < 3000 >3 000 and
SO 47 mg/l
< 6000
pH <6.5and >5.5 <5.5and <4.5 <4.5and< 4.0

CO 2 mg/l (aggressive )

=>15and <40

>40and < 100 >100 up to

saturation

NH 4+ mg/l =>15and <30 >30and < 60 >60and <100
Mg 2+mg/l =300 and >1000and < 3000 >300 0 to
< 1000 saturation
water/cement ratio (max) 0.55 0.50 0.45
Cement content kg/m’ 300 320 360
(min)
minimum strength class C30/37 C35/45
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The liquid or aqueous substance is usually
subjected to a full range of chemical
assessments with particular interest on the
components considered critical to durabi-
lity. When more than one aggressive
substances are detected the one with the
highest level of assigned aggressiveness
will determine the class (BS EN206-
1:2000) but when two or more substances
have the same level of assigned aggres-
siveness then the environment shall be
considered into the next higher class.
Concrete surfaces exposed to wet
and rarely dry conditions or in long contact
with water are likely to suffer carbonation

and subsequent corrosion of reinforcing
steel. Industrial waters containing
chlorides are particularly harmful when
porous concrete permits ingress and
corrosion of reinforcing steel when contact
is established. Eurocode EN206-1:2000
recognised these exposure classes and
environmental conditions to be requiring
special considerations. Chloride is
generally assumed to be harmless to
concrete, but its reaction with some
components of the hydration products and
crystallization of salts on the concrete
surfaces and porous interstices can initiate
secondary reactions that may degrade the
concrete.

Table-3: Concrete quality in environment susceptible to carbonation and chloride attack
(EN 197-1:2000)
Corrosion cause Carbonatiosinduced | Chloride-induced
minimum strength class C25/30 C30/37
Concrete cover| 50 years design life 25 40
100 years design life 35 50
water/cement ratio (max) 0.60 0.55
Cement content kg/m’ (min) 280 300
Cement type Ordinary Portland Cement

Chemical aggressiveness is mitigated
primarily by deploying good quality, well
compacted and sufficiently impermeable
concrete. Concrete minimum cylinder/
cube strength classes are shown in Table-2
and Table-3. Concrete covers are for 50 and
100years design life, also provided are the
minimum cement content and maximum
water/cement ratio. The minimum strength
classes were derived from the relationship
between water/cement ratio and the
strength class of concrete made with
cement of strength Class 32.5. Cement type

considered for the specifications is the
Portland cement CEM I conforming to EN
197-1 and aggregate with maximum
nominal upper size in the range of 20mm to
32mm. although small amounts of
sulphate resisting cement maybe used in
moderate exposure classes of sulphate
concentrations but sulphate resisting
cements must be used in highly aggressive
sulphate exposure conditions. Care must
be exercised when deploying sulphate
resisting cements in exposure environ-
ments with appreciable chloride concen-
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trations since such cements are known to
reduce concrete resistance to chloride
migration.

Experimental Procedures On Leachate
Quality And Data Acquisition

Municipal wastes were obtained from the
students hostels of the University Of Benin
and were segregated and characterised into
various constituents. A leachate extraction

apparatus was prepared as shown in
Figure-1. A screening layer of fine aggre-
gates is placed between the sampled waste
and the drainage layer of coarse aggre-
gates. Geotextile separation material was
placed on top of the waste and at the
boundary between the waste and the sand
screening layer and also the boundary
between the screening and the drainage
layer.

v

Water

Solid waste sample—————— |

_[Jr""rh‘.;\ e Bar

Fine aggregates- sand —p |

Coarse aggregates- gravel —p T
i

¥ e

el as e, 5
o0 I ey R )

— Geotextile separators

.«— Leachate effluent

Figure-1: leachate extraction instrumentation apparatus

Water was poured from the top of the
container with reservoir layer above the
waste with a depth of 150mm. The
drainage layer with thickness of 200mm is
tapped to collect the leachate. The waste
and the screening layers are 450 and
300mm respectively. The leachate was
collected at 24hours from charging the
waste with water and also collected five
days after. The leachate samples were
examined for chemical constituents.
Leachate samples were also obtained from
the landfill facility at Ughelli in Delta
State. A review of leachate assessments
from previous research studies was
conducted on thirty (30nos) landfills and
waste dumps.

Results And Discussions

The investigated subjects were the wastes
character and distribution, leachate quality
from landfill across Nigeria. The results
are presented and discussed as follows.

Results

Waste Characterization

The waste from which laboratory leachates
were extracted was characterized into ten
(10) groupings as shown in Table-3. The
organic waste component made up of food
and garden waste had the highest
percentage composition of 23.205percent
and would account for being the main
biodegradable components of the waste.
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Table-3: waste characterization model from derived samples

Weight
S/N | Category Indicative compositions (kg) Percentage
1 Paper waste papers, books, cardboards, packaging, etc. 25.50 9.846
2 Metal wastes | Ferrous and nonferrous metals 38.25 14.768
3 Glass wastes Refillable glass, beverage containers, etc. 33.15 12.799
4 Yard wastes Leaves, Grasses, pruning, etc. 12.75 4.923

organic

23.205

5 wastes Food, garden, etc. 60.10
6 textile waste Clothing, packaging, etc. 25.50 9.846

Plastic

5.907

7 wastes Polyethylene, HDPE, containers, etc. 15.30
8 wood wastes Plywood, timbers, etc 17.85 6.892
9 Foam waste Rubber, latex, etc. 5.10 1.969

10 other wastes Leather, hair, nylon, concrete, ceram  ics,
25.50 9.846
etc.

Total 259.00 100.000

Leachate Characteristics From Sam-
pled Effluents

The results of chemical analyses on the
sampled leachates from the existing
landfill and from laboratory assessments
are shown in Table-4. Over a five days

period the sulphate content in the leachate
reduced from 2.46 to 2.16mg/1 and the pH
increased marginally from 6.42 to 6.50, the
magnesium content remained less than
0.005mg/1 over the five day period for the
laboratory sampled leachate.

Table-4: Leachate chemical characteristics of laboratory and landfill
sampled effluents
Chemical parameter Municipal landfill Model solid waste effluent
effluent Day-1 Day-5
SO4” mg/l 10 2.463 2.16
pH 4.51t010.5 6.42 6.50
CO, mg/l aggressive NA NA NA
NH, mg/l 500 NA NA
Mg” mg/l 230 <0.005 <0.005
Cl' mg/l 1000 - 5000 220 102
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The concentrations of the sampled landfill
leachate components are higher and more
critical than for the laboratory leachate. The
sulphate content was measured to be 10mg/1
and the pH varied over a wide range of 4.5 to
10.5. The ammonia and magnesium content
were as high as 500 and 230mg/I respectively.
Chloride content from the model leachate
reduced from 220 to 102mg/1 but the sampled
landfill leachate chloride concentrations
varied over the wide range of 1000-5000mg/1.

Selected Nigerian Landfill Leachate
Component Concentrations from Reported
Investigations

The quality of effluents or leachate from waste
dumps and landfills across Nigeria has been a
subject of interest to the research community.
The objectives have been to determine the
generic strength or concentrations of leachate
constituents and to ascertain the extent of
contaminant migration. The chemical
components critical to the durability of
concrete are provided in Table-5. The spread is
sufficiently representative of the various parts
ofthe country.

Table-5: Concentrations (mg/l) of selected components in some landfills /waste dumps in Nigeria
Study / Location landfills | Acidity Chemical concentrations (mg/l)

(pH units) | SO/~ | NH/ | Mg™ cr
Olorunfemi et al, 2011 [Benin] 3 470 | 138.00 1.47 789.1
S 5 7.876 63.14 183.6
Osazuwa & Abdullahi 2008 [Kaduna] 1 6.63 251.08
Aderemi et al 2011 [Lagos] 1 8.10 1.21 1.21 1.21
Egharevba et al, 2013 [Benin] 10 6.82 1.09 3.88 433
Kola-Olusanya A., 2012 [Lagos] 3 5.50 175.00 1992.0
Aiyesanmi & Imoisi, 2011 [Benin] 3 7.06 0.03 0.94 | 38.23 1267.2
Aderemi et al 2012 [Lagos] 1 1.21 4.50
Olaniyan et al, 2009 [Kaduna] 1 8.80 268.10 13.00 | 2241.0
Eni and Digha , 2014 [Calabar] 1 6.60 4.7
Alimba et al 2009 [lagos] 2 7.11 70 80 770
minimum 1 4.70 0.03 0.94 1.21 4.7
median 1 6.63 63.14 3.88 | 13.00 | 1267.2
mean 3 6.23 96.88 | 18.11 | 93.38 | 429.72
maximum 10 268,10 413.0

9.00 80.00 0| 2241.0

Reported Leachate Component Con-
centrations from Landfills in Developed
Countries

The concentrations of leachate compo-

nents in studies conducted on properly
developed landfills with adequate contain-
ment systems are provided in Table-6
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Table-6: Leachate components concentrations obtained from studies involving developed landfills
study/investigation Acidity Chemical substance concentrations (mg/1)
(pH units) SO~ NH,*" Mg*" Cr

Reinhart & Grosh 1998, [USA] 4.5-9.0 2-3000 30-5000
Ngo, guo and xing w [Australia] 5.3-8.9 1.4-295 0.7-740 40-19800
Saltworks Technologies Inc. 2014 [USA] 7.4 1172.0 45.8 240 5844
Yusmartini et al, 2013, [Indonesia] 6.9-7.5 0-199 11.3-65.0 160-175
Bhalla et al, 2012, [India] 6.5-9.5 48.7-65.1 1448-1836
Baig S. et al [France] 8.2-8.3 300-690
UNEP 2005 [Developing countries] 4.5-9.0 20-1750 30-3000 40-1150 100-5000
Kjeldsen et al 2002 [Europe and USA] 4.5-9.0 8-7750 50-2200 30-15000 150-4500
El Fadel et al., 2001 0-5years 3.0-6.0 500-2000 | 500-1500 | 500-1500 1000-3000

5-10years 6.0-7.0 200-1000 300-500 500-1000 500-2000

10-20years 7.0-7.5 50-200 50-200 100-500 100-500

>20years 7.5-9.0 0-50 <30 <100 <100
Pillai et al, 2014, [India] 6.8 20.6 393.2 960.0
Lee & Jones-Lee, 1994 [[USA] 5.0-7.5 10-1000 100-400 30-500 100-2000
overall range 3.0-9.0 0-7750 1.1-3000 | 0.70-15000 | 30-19800

Discussion
The chemical substances critical to the
durability of concrete have been investi-
gated for leachates obtained from muni-
cipal solid wastes. The substances are sul-
phate (SO,”), acidity (pH), aggressive
carbon dioxide (CO,), ammonia (NH,”),
magnesium (Mg’) and chloride (CI).
While the study obtained leachates from
laboratory prepared extraction systems
and from an existing landfill, the results of
studies on waste dumps and landfills in
selected locations in some cities in Nigeria
and developed countries were also
examined. The concentrations for the
various substances varied over wide
ranges (Table-5 and Table-6) from trace
levels to relatively high concentrations
even between source data models. The
concentrations vary over relatively large
ranges even within the same region.
Studies on Nigerian waste dumps
indicate minimum and maximum pH of 4.7

and 9.00 respectively with a mean of
approximately neutral acidity of 6.82.
Depending on the respective site the other
substances may be practically non-existent
or present in trace concentrations. But the
concentrations nevertheless vary over
wide ranges with average and maximum
concentrations of 99.87 and 268.10mg/1
respectively for sulphate. The ammonia
contents were generally low with
maximum concentration of 4.50mg/l.
magnesium and chloride varied from trace
levels to maximum concentrations of
413.0 and 2241.0mh/1 respectively with
mean concentrations of 93.38 and
440.94mg/1 respectively. The median
concentrations of ammonia and chloride
were above the mean values whereas for
sulphate and magnesium the median
concentrations were higher than the mean
concentrations.

Leachate concentration ranges
from landfills in developed countries are
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significantly large with overall maximum
concentrations for sulphate, ammonia,
magnesium and chloride measured as
7750, 3000, 15000 and 19800mg/l
respectively. Also acidity of the leachate
could be expected to be quite high with a
minimum pH value of 3.0. For developing
countries in particular (UNEP 2005) the
range of leachate components concentra-
tions are shorter with much lower maxi-
mum concentrations, such that the expec-
ted maximum concentrations for sulphate,
ammonia, magnesium and chloride are
7750, 3000, 1150 and 5000mg/l
respectively, and pH range is 4.5-9.0.
Leachate chemical substances would also
have lower ranges and magnitudes of
concentrations as the age of the landfill
facility increases, the highest concentra-
tions of 1750, 3000, 1150 and 5000mg/1 for
sulphate, ammonia, magnesium and
chloride are expected to be obtained in the
first five years, which subsequently
reduces by about half over the next ten
years. The acidity of the leachates is
expected to drop with increasing age of the
landfill; in fact the leachates from landfills
may no longer be expected to be acidic
after ten years of operation.

Sulphate concentrations in sam-
pled leachates although were within the
range of assessment studies, they were
either relatively low or varied within a
narrow range compared with assessment
studies. The sampled landfill had a
sulphate concentration of 10.0mg/l.
Maximum sulphate concentration from the
assessments was as high as 268mg/l which
has a slightly aggressive categorization
level. The pH levels increased from 6.42 to

6.50 in the laboratory leachates but the
sampled landfill leachate and the measure-
ments from assessment studies show the
pH to be as low as 4.5-4.7, the leachates
could be substantially acidic and within
moderate aggressiveness classification,
but pH levels could rise to levels as much
as 11.0 approximately. Ammonia in the
assessment studies were all less than
5.0mg/1, but the sampled landfill leachate
had concentration as high as 500mg/l,
which is beyond the most lethal categori-
zation level of highly aggressive. Magne-
sium ion concentration levels in the labora-
tory sampled leachate was insignificant at
less than 0.005mg/1 but was 230mg/I in the
sampled landfill.  Assessment studies
showed mean magnesium concentration of
93.4mg/1 but with maximum concentration
of 413mg/1 the concrete would be exposed
to slightly aggressive conditions of
exposure.

Chloride limits are to be more than
4.0percent by mass of the cement content.
Assuming a cement content of 320kg/m3
and water/cement ratio of 0.50, the
equivalent limiting chloride concentration
would be 80.0mg/l. but chloride concentra-
tions were all higher with sampled landfill
leachate chloride concentration in the
range of 1000 to 5000mg/l, assessment
studies showed mean and median
concentrations of approximately 440 and
1300mg/1 but maximum concentration was
2241mg/1. therefore the chloride environ-
ment of the leachate would be very
corrosive to embedded steel.

The wide range of measurements
may be due to a number of factors, but two
of them can be described. The first is that
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the samplings were conducted at different
times of climatic seasons, therefore the
leachates from exposed waste dumps or
landfills would have higher concentrations
of chemical constituents during the dry
season since the leached substances are
primarily products of organic decompo-
sition or material degradation, but the
concentrations are diluted by rainwater in
the wet season and the leachates are
washed away at higher rates during the wet
season. Secondly, most of the waste dumps
are not contained, therefore the substance
accumulation and build up may be non-
existent so that freshly produced leachates
would always most certainly be sampled
which would have lower substance con-

centrations than if the leachate accumu-
lated. The laboratory sampled leachates is
indicative of freshly sampled wastes, but
the landfill sampled leachates had most
adverse acidity condition of pH of 4.5 and
maximum concentrations of ammonia and
chloride of 500 and 5000mg/1 respectively
probably because the landfill was
contained which allowed for leachate
accumulation. The leachate conditions in
the assessment studies would be interme-
diate between freshly sampled leachates
and substances from accumulated
leachates and the results are indicative.

Table-7: Adverse chemical conditions and exposure environments
Chemical condition/concentration Classification of aggressiveness
Chemical parameter | Maximum | Range for developing
measured | countries (UNEP 2005) Local Global

Sulphate (SO,* )mg/1 268 20-1750 Slight Moderate
Acidity (pH) 4.5 4.5-9.0 Moderate Moderate
CO, mg/l aggressive NA NA NA NA
Ammonia (NH,") mg/l 500 30-3000 Extreme Extreme
Magnesium (Mg”") mg/l 413 40-1150 Slight Moderate
Chloride (CI) mg/1 5000 100-5000 Extreme Extreme

A summary of the maximum or adverse
chemical conditions with the associated
classifications of exposure environments
is provided in Table-7. From the ascer-
tained leachate conditions from Nigerian
waste dumps/landfills the levels of

aggressiveness ranged from slightly
aggressive with respect to sulphates and
magnesium but moderately aggressive
with respect to acidity. But the exposure
conditions with respect to ammonia may
become more extreme than the highly
aggressive classification and the chloride
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condition of the leachate may be very
adverse and caustic to embedded steel. But
the results of studies in developing
countries are seen to have leachate
component concentration ranges much
wider than anticipated from the studies
done in Nigeria. The reason for this gap
could be the absence of adequately
developed landfills in Nigeria; in fact most
landfills are open dumps without
provisions for leachate containment.
Therefore most of the leachates samples
were fresh without the possibility of
accumulation. A contained landfill that is
adequately managed would have its
leachate drained regularly and treated
before discharging effluents to the
environment; the leachate management
system could therefore be designed such
that it precludes relatively long term
leachate accumulation or timed dilutions
with water or treated effluents can be
incorporated to reduce substance
concentrations. The reality of the results
from the broader studies show that the
leachate chemical substances could reach
much higher concentrations and aggrava-
ting exposed environmental conditions
and grading thereby posing great danger to
the immediate and long term durability of
any proposed concrete containment liner.
With acidity levels, sulphate and
magnesium concentrations all at moderate
ranks of aggressiveness the leachate would
have been moved a step further to highly
aggressive substance, but the classification
of the leachate would be complicated since
the expected ammonia concentrations of
3000mg/1 is significantly higher than the
worst anticipated concentration of just

100mg/1. the situation is further worsened
by the seemingly high chloride
concentration.

Sulphate resistant cements would
have been desirable because of the
moderate aggressiveness of the sulphates,
and their applications would be needful
since concrete made with sulphate
resistant cements are known to be slightly
more resistant to acid attacks which would
therefore be particularly desirable because
of the moderate aggressive conditions
with respect to acidity. But sulphate
resistant cement concrete would be a
drawback in this environment since they
have reduced resistance to chloride
penetration, with expected leachate with
chloride concentrations of as high as
5000mg/l such concretes must be
prevented from contacts with the
leachates. Even when plain concrete is
utilised which preclude corrosion
incidences, equilibrium or steady state
seepage flows through the depths of the
sulphate resisting cement concrete would
weaken the containment functions of the
concrete liner. Because of the probable
multiple chemical attacks from leachate
constituent substances on concrete,
ranging from moderate to extreme (further
than highly) aggressiveness and the
possibility of ingress of high chloride
concentrations the overall categorization
of concrete exposure to solid waste
leachate maybe considered to be extreme
aggressiveness which should be consi-
dered to be more lethal than the subsisting
furthest categorisation of highly aggres-
sive.
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Table-8: concrete quality requirements and containment protection
water/cement ratio (max) 0.45
Cement content (min) 360 kg/m’
Concrete cover 50mm
minimum strength class | cylinder 35 N/mm”
cube 45 N/mm’
Additional protection Coating, polyethylene sheets, etc,

A combination of precautions would have
to be undertaken to preserve the concrete
and protect embedded steel. For design
purposes concrete quality requirement for
highly aggressive chemical attack should
be considered with concrete cover specifi-
cations satisfying 100+years design life.
Additional protection in the form of
coating or polyethylene sheeting should be
considered.

Carbon dioxide is a major
component of landfill gas resulting from
the biological degradation of solid waste.
The amount of carbon dioxide in landfill
gas could be as much as 40percent (Lee &
Jones-Lee, 1994). As the landfill becomes
pressurized as a result of increasing gas
production the leachate may subsequently
contain dissolved gases which would
include carbon dioxide. The character of
dissolved gases in landfill leachate with
peculiar reference to carbon dioxide is yet
to be adequately determined.

Conclusion

All known chemical substances have
varying levels of deleterious effects on
concrete. Even pure natural water may
contain carbonic acid when carbon dioxide
dissolves in it which can cause disinte-

gration of the concrete. Leaching chemical
substances from garbage, animal fats and
oil, vegetable oil, lactic acid, buttermilk,
sugar and molasses, slaughterhouse
wastes, chlorides, hydroxides, acids,
sulphates etc. would attack and degrade
concrete to varying degrees and at different
rates. These aforementioned materials
would nevertheless constitute wastes that
would usually be deposited in waste dumps
or landfills. Containment liner systems are
essentially incorporated into landfills to
protect groundwater and preserve the
underlying subsoil conditions. The
exposure conditions to leachate substances
and the implications of utilising concrete
as liner systems have been considered in
this study.

Chemical substances considered
critical to concrete durability are sulphates,
acids, ammonia, carbon dioxide, and
magnesium. While chlorides may not
primarily attack concretes, their involve-
ments in intermediate reactions may result
in the crystallisations of salts on the sur-
faces and interstices of permeable concrete
with the implications of secondary dama-
ging impacts on concretes. Experimental
investigations and reviews of investiga-
tions to determine the chemical concen-
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trations of the substances critical to the
durability of concrete showed that the
substances are in concentrations high
enough to undertake moderate chemical
attacks on concrete but in the case of
ammonia the concentrations are in signifi-
cantly more lethal amounts than the worst
anticipated environmental exposure
considered critical to durability. The
overall municipal solid waste leachate
environment classification can therefore
be described as extreme exposure that will
subject the concrete liner material to
multiple chemical attacks and degrading
influences with associated increased
passage of high concentrations (5000mg/1)
of corrosive chlorides, the consequence of
these unmitigated attacks and subsequent
damage of the containment liner and
exposition of groundwater and subsoil
conditions to contaminations and modifi-
cations respectively. Therefore, enginee-
ring and construction requirements for
proposed landfill liners must ensure that
good quality concrete capable of
withstanding the multiplicity of chemical
attacks from the various leachate
substances must be provided. Measures
expected to produce concrete with
adequate quality to resist chemical
deterioration and remain durable in
deleterious environments are not farfet-
ched from what is usually espoused for
good concrete practice. limiting the
tricalcium aluminate content in the cement
to levels less than 8.0percent or even the
possibility of eliminating it to produce
sulphate resisting cements and to increase
acid resistance must be carefully weighed
against the fact that such cements result in

concrete that have low resistance to
chloride migration or transport. The
concrete production procedures should
include making well compacted dense
concrete with high cement content and low
water/cement ratio (0.44max). Air
entrainment with adequate concrete cover
must be provided, curing for at least 7days
with flushing daily with fresh water.
Protective coatings in the form of thick
vinyl or neoprene coatings, also tiles or
vitrified brick set in acid-proof mortar
maybe considered.
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