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ABSTRACT

A method to treat contaminated land is stabilisation/solidification (S/S), which physically
encapsulates and chemically stabilises the contaminants. The current knowledge on the
behaviour of S/S systems is based upon scarce and incomplete data, mostly obtained from
laboratory simulations or small scale trials of the technology. The field performance of S/S

soils is largely unknown.

The aim of this research was to improve the understanding of the long-term performance of
S/S soils, by examining samples retrieved from eight full-scale remedial operations. The
sites were selected to emcompass a broad range of contaminants, binder systems,

environmental exposures, and ages since the remediation.

Conceptual models for each site were developed, based upon historical information from
the literature. The models were used to identify the environmental loads, acting at the sites,
and to predict their likely impact on the S/S soils. These impacts were considered by
examining the microstructure, mineralogy, leaching behaviours and mechanical properties
of the aged soils. Risk indicators for the performance of S/S soils were identified and they
included reactions involving sulfates, carbonation, microcracking and the presence of

weathered minerals.

There was no link between the age of the S/S soils and degradation. The performance of
the S/S soils was site specific and was infuenced by the design of the remediation
formulation, the implementation of the treatment and not least the environment of

exposure.

The behaviour of S/S soils is commonly compared to that of concrete. However, whilst the
results suggested that same degradation mechanism occur, properties such as permeability
and unconfined compressive strength differed. The S/S soils were two orders of magnitude

weaker and five order of magnitude more permeable than normal concretes.
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Microstructural investigations revealed that although expansive phases developed with
time in the S/S soils, there was no damage associated with them. According to their
mechanical properties seven out of eight soils performed to their design criteria, up to 16
years after remediation. However, three sites failed to meet the limits following pass/fail
leaching tests. This was due in part to the choice of leaching test carried out for the
evaluation and the use of inappropriate remedial leaching limits, such as Drinking Water
Quality values. However, the pH dependent leaching test showed that the contaminants
were well immobilised in the old S/S soils and their release, at the natural pH of these soils

did not exceed 1 mg/l.

The acid resistance of the aged S/S soil was low to moderate and was mainly assured by
the carbonates present. This fact will impact on the durability of S/S soils; however,
estimates from the literature indicate that the acid resistence of carbonated materials would

be exhausted in thousands of years.

Based upon these results, the integrity of the soils had endured, and no obvious signs of

impending failure were observed.
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Chapter 1 Introduction

1. Background

Contaminated land is a worldwide environmental issue. The links between chemicals, the
quality of air and water and human health was known since the 18" — 19" centuries, but
very little concern was placed on the contamination of soils (Cairney and Hobson, 1998).
Previously only known because of infamous events such as Love Canal, Times Beach,
USA, Minimata, Japan, contaminated land is now a field in its own right, subject to strict
regulations and controls, at least in most developed countries (Nathanail and Bardos, 2005;

Cairney and Hobson, 1998).

Contaminated land or contaminated soil is the result of unregulated waste disposal arising
from intensive industrial activities. This soil contains ‘harmful substances to the point,
where it poses a serious risk to human health and the environment’ (Environment Agency,
2008a). This term must be distinguished from brownfield land which defines land or

premises that have previously been used or developed (Environment Agency, 2008a).

The management of contaminated land was first initiated in the United States in the 1970s
and slowly adopted in several European Countries, including the United Kingdom where it
was harmonized towards the end of 1990s, through the Environment Protection Act. There
is no uniform approach to contaminated land across the globe; each country has developed
its own policy for dealing with contaminated land, which ultimately aims at identifying and

treating the soil.

Stabilisation/Solidification (S/S) is an effective method for treating a variety of hazardous
and radioactive wastes and contaminated soils, which involves mixing cementitious
binders to encapsulate and chemically stabilize the contaminants. Although S/S has been
often used in Europe as a risk management technique for hazardous and radioactive waste,

its application to contaminated land has been relatively limited. The practical application



of S/S for the treatment of soils has raised questions regarding the long-term durability and

the permanence of contaminant immobilization within the stabilized matrix.

The need for data on the durability of S/S wastes led to the establishment of an
international collaborative research program (PASSiFy) comprising a number of key
commercial, academic research partners and regulators such as the US Environmental
Protection Agency (EPA), the Environment Agency (England and Wales) (EA) and the
Environment Agency of France (ADEME). The proposed work is unique and aimed at
accessing and testing a number of well-characterised, full scale sites treated by S/S many

years ago, to provide field data on their long-term performance.

2. Aims and objectives

The aim of this work is to improve the understanding and confidence in the long-term

performance of the soils treated by Stabilisation/Solidification.

The objectives are:

1. to evaluate the extent of weathering of a four year old cement treated soil opened to
the atmosphere and identification of degradation risk indicators;

2. to examine the mechanical properties, the mineralogy and microstructure of seven
aged cement treated soils, up to 16 years old;

3. to evaluate of the efficacy of contaminant immobilization in the aged S/S soils.

3. Thesis structure

Chapter 2 is a literature review of contaminated soil and methods of treatment for
contaminated soil, the focus being placed on Stabilisation/Solidification. The current
understanding of the mechanism of metal immobilization and the durability of the S/S soils

is discussed.

Chapter 3 introduces the materials and methods used to characterize the S/S soils and

evaluate their performance with time.



Chapter 4 describes in detail the S/S sites studied. Conceptual models for each site are
presented to analyse the loads likely to influence the S/S soils performance, in their
environment of service. The histories of the sites are examined for information on the

sources of contamination, and the methods used to extract samples from the sites are

described.

Chapter 5 is devoted to the study of soils obtained from a pilot scale demonstration of S/S.
Samples were extracted four years after treatment and tested for physical, microstructural,

mineralogical and chemical characteristics, to inform the testing strategy in next chapters.

Chapter 6 examines the physical, chemical and microstructural properties of the samples

obtained from full-scale S/S remedial operations, to evaluate their performance with time.

Chapter 7 explores the efficacy of metal immobilization in the aged S/S soils, following up
to 16 years of exposure in the environment. The acid resistance of these soils is also
studied.

Chapter 8 contains a summary of the findings in this thesis, conclusions and suggestions
for further work.



Chapter 2 Literature review

1. Introduction

The current work aims to evaluate the performance with time of contaminated soils treated
by Stabilisation/Solidification, by studying sites in two different countries. This chapter
provides a general introduction to contaminated land, the legislation and practices relating
to contaminated land in the UK and the USA are given. The methods available for treating
contamination in soils are reviewed with the focus placed on Stabilisation/Solidification
(S/S). The principle of S/S, the methods of applying S/S, typical binder systems used and
their chemistry are also explored. A detailed review of the contaminant immobilisation
mechanisms acting in S/S soils and the processes affecting their performance with time is
provided. This chapter concludes with the previous studies and the current understanding

of the long-term performance of S/S soils.
2. Contaminated land

Contaminated soil is the result of industrial activities, unregulated discharge of waste,
spillages, application of pesticides or percolation of contaminated surface water to
subsurface strata (Sarsby, 2000). The most common chemicals involved in soil
contamination are petroleum hydrocarbons, solvents, pesticides, lead and other heavy
metals and metalloids. According to recent estimates, between 50,000 and 300,000
hectares of contaminated soil exist across the UK, representing 1.2% of the total land area

(Nathanail and Bardos, 2004).

The main method of dealing with contaminated soil has been excavation and disposal to
landfill, but this is no longer considered a sustainable approach. With the increasing
pressure for land resources, increasing landfill costs and the prospective removal of the
exemption from paying landfill tax, the focus was firmly placed on developing remediation

technologies for contaminated soils (NetRegs, 2010).






and the costs related to the remediation are proportionate, manageable and economically

sustainable’ (DETR, 2000).

A soil containing contaminants is only considered contaminated, if a significant potential
of significant harm (SPOSH) can be demonstrated. In other words, if the contaminant
concentrations in the soil exceed the soil guideline value (SGV), for the planned land use,
and a pollutant linkage (source-pathway-receptor) is identified, the contamination poses a
risk and requires further investigation and/or remediation. The process of identification of
contaminated sites does not constitute the focus of this work, therefore it will not be
addressed here. More information of the various stages in this process can be found in the
Guidance for the Safe Development of Housing on Land Affected by Contamination

(Environment Agency, 2008b).

2.1.2 Legislative framework in the US
In the US, a structured approach, for assessing whether a site is contaminated and whether
it requires remediation, was brought in by the US Environmental Protection Agency
(USEPA). This approach consists of a preliminary assessment of the contaminated land by
ascribing a numerical value to a series of risk factors which will determine its insertion on
the National Priorities List (NPL) and subsequent eligibility for remediation under the
Superfund programme (Bergius and Oberg, 2007). The programme was introduced in
1980, following thé Comprehensive Environmental Response, Compensation, and Liability

Act (CERCLA), and deals with the remediation of uncontrolled hazardous waste sites.

Superfund is the name given to the environmental programme established to address
abandoned hazardous waste sites. The Superfund programme is responsible for finding the
parties that caused the contamination at a site, and in absence of any responsible party,
with undertaking the soil remediation (USEPA, 2008). A remediation of contaminated soil
is carried out, if the total contaminant concentration exceeds the ‘trigger value’, established

based on health or land use risk.

2.1.3 Remediation
A myriad of technologies exists for contaminated land remediation/management, which
can be divided into chemical (e.g. neutralization, oxidation/reduction, soil washing, soil

vapour extraction), physical (e.g. vertical barriers), thermal (e.g. incineration, vitrification),

6



stabilisation and biological (e.g. bioremediation, composting, phytoremediation). These
techniques aim at dealing with one of the three key contamination linkage elements

(source, pathway, receptor) and some examples are provided in Table 2.1.
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3. Solidification/Stabilisation

Solidification/Stabilization (S/S) is a process which involves mixing waste or contaminated
soils with a cementitious material to reduce the mobility of contaminants into the
environment (Shi and Conner, 2004). This is achieved by the physical incorporation of
contaminants within a hardened mass of low permeability (solidification), and the chemical
conversion of contaminants into an insoluble form (stabilisation) (Environment Agency,
2004). If appropriately designed, the S/S soils should only allow gradual release of

contaminants into the environment (Lange, 1996).

In the US, there are 57 priority wastes for which S/S is a best demonstrable technology
(BAT) and a summary is shown in Table 2.2. The contamination was most likely created
due to an industrial activity, therefore large quantities and vast areas are normally
involved. The implementation of the S/S treatment is therefore dependent on site specific

conditions. A summary of the delivery methods for S/S is presented in Section 3.1.

The chemistry of each contaminant is very different, and a single cementitious binder is
not sufficient to treat all contaminants. A wide range of binders and special additives is
utilised during S/S treatments, and this will be discussed in section 3.2. The mechanisms of
contaminant immobilization by S/S vary with each type or class of contaminant, therefore

an overview of characteristic reactions is presented in section 3.3.

Table 2.2 — Contaminants, for which S/S is BAT (from Conner, 1990)

Metals Volatile compounds
Antimony Semi-volatile organic compounds
Arsenic
Barium Inorganics other than metals
Beryllium Cyanide
Cadmium Fluoride
Chromium Sulfide
Copper
Lead Organochlorine pesticides
Mercury Aldrin
Nickel Alpha-BHC
Selenium Beta-BHC
Silver Delta-BHC
Thallium
Vanadium
Zinc

10






The depth of remediation for in situ applications varies from shallow depths (<0.5 m) to
more than 5 m. A description of the equipment suitable for in situ and ex situ mixing and

the advantages/limitations of each type of application are presented in Tables 2.3 and 2.4.

Table 2.3 — Equipment and types of in situ and ex situ mixing (modified from BCA, 2004)

S/S type | Depth of treatment Equipment Remarks

Can operate in continuous or
batch mode. Limited to a
prescribed capacity.

The contaminated material is
placed in a drum, which acts as
Ex situ All depths In-drum mixers a container for setting and
hardening. The drum is disposed
of with the treated material.

The mixing carried out with
Fixed or mobile plant mechanical batch or continuous

Pug mill, cement and
mortar mixers

mixers.
Augers, backhoes, Applies to powder additions
Shallow (< 0.5 m) rotating head blenders,
rotavators
Intermediate (0.5 — 5 m) Modified excavation
In situ plant
Mainly applications of slurries,
Hollow stem augers but powder materials are also
Deep (> Sm) £ers, used. The depths up to 35 m are

pressure njection possible. The use is dependent

on the economics.

Table 2.4 — Advantages and limitations of in situ and ex situ processes for the treatment of
contaminated soils (modified from BCA, 2004)

Ex situ In situ
li .

Advantages t(:::t?ng‘ri? ity control of the Large volumes of materials to be
Treated material . prqcessed. N
virsTafly materials can be inspected Suitable for saturated ground conditions.
High pr(.) duction rates Can be used where space is restricted.

Appropriate for mixing at depths up to
25 metres.
Little or no secondary waste generated.

Requires shorter period of time.
Tolerant of low bearing capacity
and unstable soils

Transport cost to and from the Not suitable for soils containing debris,
Limitations treatment facility. buried obstacles.
Extra costs associated with Uneven mixing and difficulty in
excavation of soils prior to assessing the treatment accuracy.
treatment. The bearing capacity of soil must be
Need for large areas on site. sufficient to support the mixing
equipment.
Presence of underground services may
complicate the process.

12



The choice of delivery depends on a wide range of factors, which include the nature of the
soil, the contaminants, the expected properties of the material obtained, regulatory
requirements, bearing capacity of soil, depth of contamination and the economics
(CASSST, 2003; Al-Tabbaa and Perera, 2005). Out of the 69 S/S projects carried out in the
UK between 2001 and 2007, sixty percent were applied ex situ (Stegemann, 2009). Table

2.4 gives the main advantages and disadvantages for implementing S/S, ex situ or in situ.

3.2. Binders and additives

The choice of binder is made according to i) compatibility between the cement and the
contaminated soil; ii) chemical fixation of contaminants; iii) physical encapsulation of
contaminants; iv) leachability of contaminants from treated soil; v) durability of treated

contaminated soils and vi) cost effectiveness (Shi and Spence, 2005a).

Depending on the type of contamination and the design properties of the stabilised
material, a combination of binders is used. Six generic binder systems seem to dominate
the treatment by S/S and they are Portland cement, cement/fly ash, cement/soluble silicate,
lime/fly ash, kiln dust and phosphate (Conner and Hoeffner, 1998). Other binders and
additives can be used to stabilise the contaminants and a non exhaustive list is presented in
Table 2.5.

Table 2.5 — Common binders used in Stabilisation/Solidification (modified from Spence
and Shi, 2005b)

Additives

Primary binders

Inorganic Organic
Portland cement Activated carbon Bitumen
Lime Neutralising agents Urea formaldehyde
Alkali-activated slag cement Oxidising agents Polybutadiene
Alkali-activated pozzolana cement Phosphates Organophilic clays  Polyester Polyethylene
Sulphur polymer cement Carbonates
Kiln dust Zeolites Organic polymers
Calcium aluminate cement Reducing agents Rubber particulates

Silica fume

Surfactants

Sulfides (inorganic, organic)

Gypsum

Pulverised Fly Ash

Iron slag

Soluble silicate
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3.2.1 Cement binders
According to BS EN 197:1 (British Standards, 2000), there are five specifications for
cements, as shown in Table 2.6. The subdivision of these five types of cement depends on
the total amount of clinker with/without additions of other materials such as pozzolana,
blast furnace slag, silica fume, shale and limestone. Each cement has a particular

application for general use and for stabilisation/solidification (Table 2.6).

Table 2.6 — Main types of cements available on the market according to BS EN 197-1

Type Name

CEMI Portland cement

Portland slag cement
Portland silica cement
Portland pozzolanic cement

CEMII Portland fly ash cement
Portland burnt shale cement
Portland limestone cement
Portland composite cement

CEM III Blastfurnace slag cement

CEM 1V Pozzolanic cement

CEM YV Composite cement

The most commonly used cement in the UK and US is CEM 1. Other special cements such
as sulfate resisting or calcium aluminate cements have been applied to contaminated soils

and wastes (Johnson, 2005).

3.2.1.1 Portland Cement (PC)
Cement is composed of four main mineral phases, amounting to 95% by weight:
3Ca0-8i0; (C3S - tricalcium silicate), 2Ca0-SiO, (C,S - dicalcium silicate), 3Ca0-AlL, O3
(C3A - tricalcium aluminate) and 4Ca0O-Al,O3-Fe,03 (C4AF - tetracalcium aluminoferrite).
Approximately 5% of gypsum (CaSO,-2H;0) is added during the manufacture of the
cement clinker to prevent the rapid reaction of the C3A phase upon the addition of water

resulting in an immediate hardening of cement paste called “flash setting” (Bye, 1999)

CsA is extremely reactive and this is controlled by the addition of gypsum during the
manufacture of the cement. Amongst the four cement phases C;A is the first to react. This
phase does not contribute to long-term strength development, but has a strong influence on

the early strength. The principal contributors to the long-term strength are the calcium
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silicate phases (C3S and C,S). C3S is most reactive of the silicates and makes an important
contribution to concrete strength, particularly up to 28 days. CS reacts slower than the C3S
and contributes to strength development at ages more than one week (Bye, 1999). The
C4AF phase is often said to react slowly (in comparison to the other phases) and only

contributes to the long-term properties of cements.

Cement hydration is the term used to describe the range of reactions between cement and
water to produce a hardened product. These are complex reactions, which consist of four
stage-overlapping reactions (eq. 2.1 — 2.5), occurring at different rates according to the

nature of the mineral phase.

Hydration progresses inwards from the surface of the grain of cement, beginning with the
aluminate phases. Taylor (1990) established that the rate of reaction for the cement phases

is C3A > C3S > C4AF > C,S, where the C3A phase generates the most heat.

C3A + 3CSH, + 26H —  CsAS,Hs 2.1)
calcium
] gypsum water ettringite
aluminate
2C;A + CeAS;H;; + 4H —  3(C4ASHp) 2.2)
calcium
) ettringite water monosulfate
aluminate
2C5S + 6H — GC3S;H; + 3CH (2.3)
calcium
dicalcium
. water silicate portlandite
silicate
hydrate
2C,S +  4H —  CSH; + CH 2.4)
calcium
tricalcium )
water silicate portlandite
silicate
hydrate
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C4AF +  4CH + 23H 5 C4AH;y + CsFHi3  (2.5)

iron

calcium substituted
tetracalcium _ . .
: portlandite water aluminate calcium
aluminoferrate .
hydrate aluminate
hydrate

Ettringite (3Ca0-Al;03-3CaS0432H,0) is the first hydrate to form within minutes, as a
result of the reaction of the C;A phase with water in the presence of gypsum (Gougar ef
al., 1996). The maximum amount of ettringite formed is reached after one hour, which
corresponds to the induction or the “dormant” period in the cement hydration. At this point
the cement grains are coated with newly formed ettringite, which hinders the permeation of
water and delays further hydration. After the dormant period, which lasts a few hours, the

ettringite is converted to monosulfoaluminate (monosulfate) (eq. 2.2).

The hydration of Portland Cement continues with the reaction of calcium silicates (CsS and
C2S), which form calcium silicate hydrate gel (C-S-H) and calcium hydroxide or
portlandite (CH). C-S-H gel is the main hydration product of Portland Cement, comprising
50 mol % of most cement pastes (Gougar et al., 1996). The gel has a variable composition,

with an average of Ca/Si ratio between 1.7 — 1.8 (Bye, 1999).

3.2.1.2 Sulfate-resisting Portland cement (SRPC)

Sulfate-resisting Portland cement is a special Type of CEM I cement, which was specially
designed to overcome concrete failure due to sulfate attack (Eglington, 2004). This failure
process was noted for concrete placed in soils containing high concentrations of sulfates or
in contact with sea water. The component in concrete found to be participating to the
reaction with sulfates was the C3A (Taylor, 1997). SRPC is produced by reducing the
alumina content in the raw materials and keeping the calcium silicate content high through
the increase of the silica content (Bye, 1999). In the UK, the maximum percentage of C;A
phase in SRPC is 3.5%, as specified in BS 4027:1996 (Bye, 1999). A typical composition
of the SRPC by comparison with Portland cement is indicated in Table 2.7.
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Table 2.7 — Typical phase composition of SRPC compared to PC in % wt

Cement Phase SRPC PC
CsS 69.6 57.9
C.S 3.8 13.4
C;A 3.6 9.5
C,AF 13.8 11.0
from Sahmaran (2007)

The hydration reactions for SRPC are similar to PC, as indicated in section 3.2.1.1.
Although SRPC is widely used in concrete placed in sulfate soils, it has not reached the
same acceptance for stabilisation/solidification of contaminated soils. SRPC is not believed
to provide better durability over that obtained by using PC (Clear, 2005), hence its limited
use. In addition, it has been shown that, in the case of soils, sulfate attack could also occur

without the contribution of the C3A phase (Environment Agency, 2004).

3.2.1.3 Pulverised Fuel Ash (PFA)
Pulverised fuel ash is a by-product of the energy production from coal. The exhaust gases
from coal fired power stations carry fine dust particles produced by the boilers which are
removed by electrostatic precipitators and represent the PFA. The properties of PFA
depend on the type of coal used and can therefore vary in chemical composition. The
ASTM literature identifies two types of PFA: i) Class F, a silica rich and lime low ash,
obtained from bituminous coal and lignite and ii) Class C, a calcium rich ash from sub-

bituminous coal (Bye, 1999).

Pulverised Fuel Ash is used in S/S alongside cement or lime, to improve the properties of
the treated soil such as permeability, strength, and provide pH adjustment. By comparison
with cement hydration, the PFA/cement system leads to similar hydration products. The
difference with pozzolanic reactions is that they consume portlandite instead of producing
it. This is of a particular importance in sulfate corrosion resistance and alkali aggregate
reaction. Typical reactions in PFA/cement systems are presented in eq. 2.6 — 2.9 (Pollard et
al., 1991).

CH+S+H—->CSH, (C-S-H of varying stoichiometry) (2.6)

CH+S+H—>C,AH, (hexagonal/cubic aluminate hydrates) (2.7
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CH+A+S+H—>C,AS,H, (hydrogarnet) (2.8)

CH+S+A+H-C,A (CS),H, (ettringite and derivatives) (2.9)

The replacement of portlandite with C-S-H following the pozzolanic reaction, described
above, induces physical and chemical changes to the hardened cement. The space occupied
by the clusters of portlandite is replaced with fine gel porosity of C-S-H, lowering the
permeability, increasing strength and changing the pore size distribution (Bye, 1999).
Permeability decrease has an important effect on transport mechanisms through the
stabilised soil, hence improved resistance to damaging phenomena such as sulfate attack

(Neville, 2004).

It was found that the use of PFA reduces the alkalinity of the system and therefore
improves the immobilisation of amphoteric metals, like lead, zinc, chromium, cadmium

compared to reference Portland cements (Dermatas and Meng, 2003).

3.2.1.4 Activated carbon
Activated carbon is a common additive used with cement or lime in S/S treatments for
absorbing organic compounds and immobilising many heavy metals (Hebatpuria et al.,
1999). This is produced from solid carbonaceous materials like peat, wood, cocoshells or
coal, by exposure to medium to high temperatures (Menendez-Diaz and Martin-Gullon,
2006). The properties of activated carbon include high microporosity and surface area,
which are ideal for adsorption of contaminants. The adsorption of organics is a complex
process that may involve dispersive interactions, hydrogen bonding, chemisorption, and

surface polymerization (Hebatpuria ef al., 1999).

3.2.1.5 Limestone
Another additive used in S/S as a bulking agent or pH adjustment is limestone. This has
been used to elevate the pH of strongly acidic wastes/soils prior to applying highly alkaline
binders (Bates and Malott, 2005).

3.3. Contaminant immobilisation
Solidification/Stabilisation is performed to immobilise contaminants, which are posing a

risk to human and environmental health. Depending on their stability, the contaminants can
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be encapsulated or take part in chemical reactions with the binder, i.e. precipitation

reactions (Lange, 1996). Although discussed here separately, there is not a clear distinction
between the two mechanisms. Moreover, other mechanisms such as chemisorption,
adsorption, diadochy, ion exchange, pH and redox control, reprecipitation are also acting in
S/S systems and could influence the contaminant immobilisation (Conner, 1990). A
summary of the likelihood and implications of each mechanism on the contaminant

retention is given in Table 2.8.

Table 2.8 — Mechanisms involved in contaminant immobilisation in S/S systems (modified

from Conner, 1990)

Mechanism Description

Sorption Is a general term for describing the retention of contaminants by cohesive forces.
Sorption of contaminants at the surface of hydration compounds and mineral is
termed adsorption, within the solid matrix is sorption and chemisorption, for close
range physical or chemical interactions between contaminant and the sorbent. The
latter is not significantly different from absorption, however major differences relate
to desorption of the contaminants (Lange, 1996). No single sorbent is suitable for
removing all contaminants, therefore a number of sorbents are available such as
activated carbon, clays, zeolites.

Takes place on the contaminant substitutes for another atom of similar size and

Diadochy charge in a crystalline lattice.
Another process contributing to metal retention. Is a reversible process and can
Ion exchange . . . . .
sometimes interfere with the normal setting of cement. Common ion exchangers are
organic resins, zeolites, clays etc.
pH Cement, lime and other alkaline materials are used for pH control. The alkaline

conditions in cementitious systems cause the contaminants to become soluble,
insoluble or amphoteric (soluble in both alkaline and acid conditions). The species
which are not precipitatated are characteristic of the first class. The amphoteric class
is relatively insoluble at near-neutral pH but become increasingly soluble as the pH
increases.

Redox potential ~ Certain metals have higher solubility and toxicity depending on their valence state.
Therefore often additives are used to reduce or oxidise the contaminants prior to the
treatment by S/S. Moreover, the redox conditions created by the remediation
formulation/binder can affect their chemical speciation and drastically change their
solubility (Hoeffner et al. , 2005).

The prevalent factors affecting immobilisation of inorganic contaminants are different
from those affecting the organic contaminants (Conner and Hoeffner, 1998). It was shown
that pH, redox and chemical speciation influence inorganic contaminants, whilst the
immobilisation of organics is based on processes such as destruction or alteration and

physical encapsulation and absorption.
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3.3.1 Encapsulation (physical immobilisation)
In S/S, the physical encapsulation of contaminants can be achieved at several levels:
microencapsulation,  macroencapsulation and embedment (Conner, 1990).
Microencapsulation comprises the immobilisation of fine particles or contaminant/waste
agglomerates into the cement matrix. Encapsulation of droplets of non miscible organic
compounds had been observed (Stegemann, 2005). Physical immobilisation is
characteristic to insoluble compounds, which include inorganic and organic compounds.
Physical deterioration could therefore compromise the immobilisation, since this can lead

to exposure of the contaminants.

Macroencapsulation is extensive containment of the S/S treated soil, by use of secondary
encapsulation. In this type of encapsulation, the contaminated soil is, for example,
cemented with polybutadiene binder and then encapsulated in a thick polyethylene jacket
or the soil is placed in a thermoplastic container, after which the cover is permanently
fused on.

Embedment refers to incorporation of distinct waste masses in large blocks or containers,
prior to final disposal. This type of physical immobilisation has been employed for medical

laboratory waste or hazardous waste at specialised disposal facilities.

3.3.2 Chemical reaction (precipitation)
Metal precipitation, as low solubility species, is by far the most important immobilisation
mechanism in S/S systems (Conner, 1990). In Portland cement systems, metal hydroxides
are the most common metal species, however sulfides, silicates, carbonates and phosphates
are formed following the use of additives to control metal speciation. Sorbents, ion
exchangers and complexing agents can be used where re-speciation is not effective
(Conner and Hoffner, 1998).

3.3.2.1 Hydroxide precipitation
In Portland cement systems, the high alkalinity generated by cement hydration induces the
precipitation of metals as hydroxides. Metal hydroxides are low-solubility species (Conner
and Hoeffner, 1998) and therefore stable at the typical alkaline pH of cementitious systems, A

number of metal hydroxides such as lead, chromium, cadmium, nickel, zinc are pH sensitive
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They exhibit a minimum solubility at pH in the alkaline range, but increases in solubility take

place as the pH moves in either direction from that point.

3.3.2.2 Silicate precipitation
The silicate precipitation results from the reaction of Portland cement with a soluble
silicate additive. This produces a highly stable matrix, which displays properties similar to
soil like friability and rigidity (Conner, 1990). The silicate precipitation reactions are
desired for polyvalent and amphoteric metals of environmental concern such as lead,
chromium, arsenic, cadmium and zinc. The silicates formed are non-stoiechiometric and
often non crystalline, therefore are still poorly understood. It was shown that if applied
correctly, the silicate precipitation process can decrease heavy metal leaching to less than

0.1 mg/l, in most wastes (Conner, 1990).

3.3.2.3 Carbonate precipitation
Although not as common as hydroxide or silicate precipitation, carbonate precipitation
may be responsible for metal immobilisation in S/S systems. This reaction takes place
when carbon dioxide is available in the system, from the atmosphere or degradation of

organic compounds, and reacts with a metal hydroxide to form a metal carbonate (eq.
2.10).

Me(OH), + CO; + H,0 — MeCO3 + 2H,0 (2.10)

For some metals the carbonates are more stable than their hydroxide homologues, as in the
case of barium, lead or cadmium. Conner (1990) reported that the immobilisation of zinc
and nickel was dictated by the solubility of hydroxides, whilst that of lead and cadmium

was linked to the carbonates precipitates.

3.3.2.4 Sulfide precipitation
Sulfide solubility is several orders of magnitude lower than that of hydroxides, throughout
the pH range. Therefore sulfide precipitation is particularly effective for the immobilisation

of highly toxic metals such as mercury (Conner, 1990).

3.3.2.5 Phosphate precipitation
Soluble phosphates are used for the treatment of contaminants in soils or wastes, due to the
low solubility of the reaction products (Conner and Hoeffner, 1998). Phosphate

precipitation does not change the physical characteristics of the soil, therefore cement 18
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added, if a solid mass is necessary. Dermatas et al. (2000) successfully treated lead
contamination using phosphates and cement. The reaction products exhibited very low

solubility over a wide pH range (Hoeffner et al., 2005).

3.3.3 Uptake by cement hydrates
Extensive investigations on the mechanisms of incorporation of heavy metals in the
structure of C-S-H have found that four generalised mechanisms exist: a) additions (eq.
2.11); b) isomorphic substitution (eq. 2.12); c) formation of new compounds; d) multiple

mechanisms acting at the same time.

C-S-H + M — MCSH (2.11)
Calcium silicate Metal Metallic calcium
hydrate silicate hydrate

The mechanism described by equation 2.11 is mostly characteristic of C-S-H gel with low
Ca/Si ratio (Klich, 1997). By contrast, the substitution of the calcium ions in the C-S-H gel
by the metallic ions was found to take place for high Ca/Si ratio C-S-H according to the
equation (2.12). The limiting factor for the metal substitution in the C-S-H structure is the

number of calcium ions which can be replaced (Klich, 1997)

C-S-H + M - MCSH + Ca¥ (212
Calcium silicate Metal Metallic calcium
hydrate silicate hydrate

Ettringite has a large potential for ion substitution due to its columnar structure and
substitution centres which can be either the cations Ca®*, AI’" or the anions SO~ ,0H";

the stoichiometry of ettringite produced in concretes shows an excess or deficiency of

certain compounds (Gougar et al., 1996).

2-

There is experimental evidence that indicates the substitution of SO;~ ions with oxyanions

produced at high pH of cement hydration from amphoteric metals (Klemm, 1998). All

amphoteric metals are susceptible to leaching because of their ability to react with acid and
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bases to form soluble products. Substitution in the crystal lattice of ettringite changes this
behaviour. Generally, substituted ettringite has very low solubility (Klemm, 1998), and
metal leaching from newly formed structures no longer poses a risk. Divalent cations can
replace Ca®* ions in the structure of ettringite (Gougar ef al., 1996), while some trivalent

cations can replace Al’* (Klemm, 1998).

As shown in Table 2.8, the mechanisms of immobilisation of contaminants vary according
to the nature of the contaminant. A description of metal specific reactions is described in

the next sections (3.3.3.1 to 3.3.3.4).

3.3.3.1 Lead
In S/S treated soils, X-ray Photoelectron Spectroscopy (XPS) investigations showed that
lead was present as sulfate or carbonate, precipitated on the outer surfaces of cement
clinker (Trussell and Spence, 1994). This represents a relatively weak immobilisation, as
fluctuations in pore water pH can dissolve the precipitated salts making the metal available
for leaching (Gougar et al., 1996). The pH dependency of lead has been proven by a
number of authors. Jing ef al. (2004) argued that there are three bands of pH related

leaching behaviour:

- at slightly acidic pH (below 6), the predominant species seems to be PbOH™;
- between 6 — 12, minimal Pb leaching occurs due to the formation of hydroxide

precipitates (Pb(OH),), which are incorporated in the calcium hydrates;
- at high alkaline pH (>12), soluble hydroxide anion complexes (Pb(OH); ) form.

Since lead is an amphoteric metal with minimum solubility in a narrow range of pH
between 8-10 (Conner, 1990), a rapid increase in metal leaching was observed for pH

values above or below this range.

Glasser (1997) suggested that divalent Pb ions can generally replace calcium ions in the
structure of the cement hydrates, forming insoluble solid solutions. The mechanisms of

immobilisation of Pb are described in equations 2.13-2.15 (Environment Agency, 2004).

C-S-H + Pb — Pb-C-S-H chemisorption (2.13)
C-S-H+ Pb — Pb-S-H + Ca substitution (2.14)
Pb + OH + SO4 — mixed salt precipitation (2.15)
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Another possible Pb compound silicate was described by Conner (1990), relating the

release of Pb to the dissolution of silicon.

3.3.3.2 Zinc
Zinc is non-toxic and in the United States is not regulated under the Resource Conservation
and Recovery Act, which stipulates the maximum acceptable limits for metals which might

pose a risk to human health or the environment.

This metal was found to interfere with cement hydration at concentrations greater than 20
wt % (Conner, 1990). Among the interferences are: retardation of cement hydration,
decrease in the strength of the concrete and an increase in permeability through promotion
of ettringite formation (Trussell and Spence, 1994). The same authors report that the
increase in cement permeability has no implications for the immobilisation of Zn,

suggesting that it is chemically bound in the S/S system.

At the high pH generated by the addition of cement in S/S systems, Zn forms hydroxides
which are amphoteric in nature and therefore capable of reacting with both acids and bases.

The equilibrium is described in equation 2.16 (Li et al., 2001).

Zn** + OH” — Zn(OH), — 2H" + Zn(OH)>" (2.16)

Hydroxy complexes such as Zn(OH)2 and Zn(OH); formed at very high pH can be

adsorbed onto the C-S-H or react to give rise to zinc complex hydrated compounds (Li et
al., 2001).

3.3.3.3 Copper
Although copper does not have known human toxicity, it is often found in contaminated
soils and is treated by S/S. Cu is an amphoteric metal, which forms hydroxides stable at
high pH. Komarneni et al. (1988) showed that Cu could substitute for Ca in C-S-H, but

was more likely to be present as hydroxy-carbonates or incorporated into sulfoaluminate

phases.

Lim et al. (2006) analysed a series of cement treated sewage sludges and observed, through

a series of leaching tests, that the release of Cu was related to the DOC (dissolved organic
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carbon). A reasonable linear relationship between the DOC and the Cu leaching was
recorded. DOC was assumed to be associated with the soluble humic substances in the
sludge, which are known to form stable complexes with heavy metals. At the same time,

their dissolution could be related to the high leaching of Cu.

3.3.3.4 Arsenic
Arsenic is a highly toxic element, which combines with most metals to form arsenides.
Because of its wide commercial uses e.g. in the production of pesticides, in the glass
industry, manufacture of alloys and electronics, arsenic is a common element in
contaminated soils/wastes (Conner, 1990). The existence of numerous valencies, anionic
and cationic species, inorganic and organic compounds make the chemistry of arsenic very
complex. The organic-arsenic compounds require pre-treatment for breakdown of the

complex before treatment by S/S.

Phenrat et al. (2005) identified three main mechanisms of arsenic immobilisation in S/S
systems: sorption on C-S-H gel, substitution for sulfate ions in the structure of ettringite or
formation of calcium-arsenic compounds. The latter was reported to be the most efficient

mechanism of immobilisation of arsenic and represent the solubility limiting phases.

3.3.3.5 Organic contaminants
The traditional methods for treatment of organic compounds are incineration, thermal
desorption, biodegradation, oxidation or dechlorination. These methods destroy the
contaminants, and thus eliminate long-term effects (Conner, 1990). However, low levels of
organics in a contaminated soil make these specific methods expensive and inefficient;

therefore other techniques like S/S are employed for the contaminant treatment.

The immobilisation of organics in S/S systems is largely based on physical encapsulation,
but hydrolysis, oxidation, salt formation and reduction may occur during the S/S treatment
(Conner, 1990). The efficiency of organic contaminant treatment by S/S can be improved

by using suitable adsorbents prior to the treatment, or mixing with the cementitious binder.

3.3.3.5.1 Polyaromatic hydrocarbons (PAH)
Polyaromatic hydrocarbons are formed during incomplete combustion of coal, oil and gas,

but are also present in crude oil, creosote and asphalt. Certain PAHs (high molecular
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weight) are known human carcinogens and also affect animals and aquatic organisms

(Health Protection Agency, 2010; Kulkarni et al., 2008). PAHs are not water soluble and

break down slowly in the environment (Environment Agency, 2010a).

Remediation of PAH contaminated soils using S/S has been employed in US on 17 sites,
over 13 years (USEPA, 2007). PAHs do not interact with the inorganic S/S binder,
therefore their stabilisation is mainly reliant on physical encapsulation. The treatment with
Portland cement alone was not found to be efficient in immobilising PAHs (Mulder et al.,
2001; Conner, 1990), therefore additives or absorbents capable interacting with the PAHs
are commonly employed prior to the cement treatment. The absorbents used most often are
organophillic clays, activated carbon, zeolites (Hebatpuria ef al, 1999; Leonard and

Stegemann, 2010).

3.3.3.5.2 Polychlorinated byphenyls (PCBs) and dioxins
Polychlorinated biphenyls are aromatic organic compounds, widely used in the past as
lubricants and insulators in transformers. These compounds have high stability and
toxicity, therefore are considered persistent organic compounds (Environment Agency,
2010b). The high thermal and chemical resistance of PCBs means they do not readily
break down when exposed to heat or chemical treatment, which makes their
destruction extremely difficult. Another problem associated with PCBs is the risk of

generating extremely toxic dibenzodioxins and dibenzofurans through partial oxidation.

Dioxins are polyhalogenated aromatic hydrocarbons that result non-intentionally from
incomplete combustion during industrial processes (Kulkarni et al., 2008). Dioxins are
highly toxic and persist in the environment over long periods of time (> 30 years)
(Haglund, 2007). The toxicity of dioxins is expressed as toxic equivalent quantities
(TEQs), where the most toxic congener 2, 3, 7, 8- tetrachlorodibenzodioxin (TCDD) is

rated as 1.0 and the less toxic congeners as fractions of this.

Similarly to PCBs, dioxins are resistant to most common acids, bases, oxidizing agents,
and reducing agents at ambient temperatures, and are also temperature stable (Haglund,
2007). In addition, dioxins bind to fine fractions of soil, therefore making the treatment of

dioxin contaminated soils complicated.
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Remediation formulations consisting of Portland cement were found to be effective for the

treatment of PCBs (Pollard ef al., 1991). PCBs are practically insoluble in water, therefore
tend to be well immobilised in the cement matrix (Conner, 1990). The efficacy of the S/S
treatment of dioxins has not been fully demonstrated, however activated carbon was shown

to improve the immobilization of dioxins.

3.3.3.5.3 Total petroleum hydrocarbons (TPHs)
Total petroleum hydrocarbons are complex mixtures made up of several hundred aliphatic
and aromatic hydrocarbons. Their composition varies depending on the crude oil refined to
generate the product, the type of product, the season of the year, and any performance
additives. Common sources of TPHs are petrol stations, underground storage tanks, home
and commercial heating oil storage tanks, refineries, crude oil production sites and

accidental spills.

High concentrations of organics pose a major concern for S/S since they have a retarding
effect on the reaction of cement (Pollard et al. 1991), and may be mobilised after the
curing of the solidified mix (Vipulanandan, 1995). This is due to the reliance of TPH
immobilisation on physical encapsulation in voids formed in the cement matrix and
sorption on cement hydrates (Karamalidis and Voudrias, 2007; Leonard and Stegemann,
2010). Therefore, absorbents are generally used to encapsulate the organic compounds

prior to cement treatment (Hebatpuria et al., 1999; Conner, 1990).

3.4. Durability of S/S soils
This section reviews the durability of S/S soils and the supporting information regarding

the long term performance of those systems.

Durability is the ability of concrete to withstand physical and chemical changes, whilst
maintaining its design properties, when exposed to its intended service environment
(Mehta and Monteriro, 2006). Depending on the exposure conditions and the properties
desired, the concrete requires different degrees of durability. This is achieved by using
appropriate ingredients, methods of placement and the place of installation. In a similar

way, S/S soils have to conform to the above and this will be discussed in 3.4.1-3.4.5.
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As far as the durability is concerned, the S/S soil must meet design targets related to
physical and chemical integrity. An example of targets in the UK and the USA is indicated
in Table 2.9.

It is necessary to look at the intrinsic and extrinsic factors affecting durability in concrete
to establish the baseline for the study of S/S real samples. A series of internal and external
factors contribute to the durability of the concrete. The internal degradation of a concrete is
produced by deleterious compounds incorporated into the mix and normally affects largely
the texture of the concrete. An example of an intrinsic attack is the alkali aggregate
reaction which will be described in more detail later in this chapter. Extrinsic or external
attack takes place from agents located outside the concrete and is limited to the exposed

surfaces.

Table 2.9 — National recommended target values for S/S soils (from Al-Tabbaa and Perera,
2005a)

Property USA UK
Permeability (m/s) <10” <10°

UCS (kPa)' 350 600
Freeze/thaw Pass’ NA

Leaching TCLP limits ]q);:lllkt;n g water

Tunconfined compressive strength
2 ASTM 1988 and 1990

Two types of degradation can take place in cementitious systems and they are chemical or
physical in nature. Chemical attack occurs as a result of a reaction of a chemical agent with
the cement paste, which leads to deterioration. This includes sulfate attack, carbonation,
but also alkali silica reaction (see sections 3.4.1 — 3.4.3). Physical deterioration comprises
the effects caused by freeze/thaw and cyclic wetting/drying and will be described further in
sections 3.4.4 —3.4.5.

3.4.1 Sulfate attack
Sulfate attack can occur as a result of the reaction of sulfates (calcium and magnesium)
from the environment (external sulfate attack) or from the cement (internal sulfate attack).

The term “sulfate attack” is often erroneously used to encompass a variety of reactions, of
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which only one or two are true sulfate-attack mechanisms that specifically involve the

chemical effects of sulfate ions (Hime and Mather, 1999).

3.4.1.1 Ettringite
Ettringite is a crystalline mineral that occurs naturally, but is also formed during the
hydration of cement and in small quantities, depending on the conditions, after the cement
has set. This type is called secondary or delayed ettringite and requires specific conditions
to form. At typical temperatures (25°C) the pH must be above 10, and a source of water has
to supply as much as 26 moles. Additionally, a source of aluminum, sulfur and calcium is

also required (Harris ef al., 2004).

In hardened cement, ettringite often exists as spherical clusters or parallel needles of
different sizes. If ettringite crystallizes without obstruction, e.g. in the pore space, it has the
typical needle-shaped crystal habit. The length-thickness ratio of synthesized ettringite
crystals is closely related to the pH of the reaction solution; long, fiber-shaped crystals are
formed at pH values between 10 and 12, but microcrystalline ettringite was present at pH
values above 13.0 (Harris et al., 2004).

Ettringite is hardly detectable in concretes stored in dry climates, but can be observed in
the void space after a short time (6 months) when exposed to alternating cycles of wetting
and drying. However, there is no evidence of any serious impairment of the properties of
the solid concrete (St John et al., 1998).

Many papers have been published on delayed ettringite formation and its impact on
concretes and cement stabilized soils (Cody et al., 2004; Casanova et al., 1997). Some
authors argue that its presence indicates a risk to the concretes due to its expansive nature
(Lee et al., 2005a). Nevertheless, the occurrence of ettringite in voids or cracks is very
common in concretes and is not always associated with damage, although a high quantity

of ettringite may have a deleterious effect (French, 1998).

3.4.1.2 Gypsum
Gypsum is the primary product of sulfate attack at high sulfate ion concentrations
(Santhanam et al., 2001). To date, no clear documentation on the disruption caused by the
presence of gypsum exists. Nevertheless, some authors reported that gypsum has a

deleterious effect on the durability of cementitious systems (Klich ef al., 1999; Lee e al.,
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2005a). Two aspects of gypsum related deterioration need to be addressed; concrete
surface softening and expansion. This effect is produced as a result of the conversion of
portlandite to gypsum or of the reaction of gypsum with the hydrated calcium aluminate to

form ettringite (Environment Agency, 2004), followed by a volume increase.

3.4.1.3 Thaumasite
The formation of another phase called thaumasite (Ca3Si(CO3)(SO4)(OH)s 12(H20)), or
non-binding calcium carbonate silicate sulphate hydrate, occurs as a result of the reaction
between C-S-H gel, S04%, CO, or CO;> and water, in high humidity and low temperature
conditions (<15°C) (Collett et al, 2004).

The Thaumasite Expert Group has identified two distinct ways in which thaumasite can
precipitate as a reaction product, in concrete, leading to distinct effects on its structure
(Crammond, 2002). These are thaumasite form of sulfate attack (TSA) and thaumasite
formation (TF). TSA is associated with significant damage to the matrix of a concrete or
mortar due to the replacement of cement hydrates by thaumasite, whilst TF refers to cases
where thaumasite can be found in pre-existing voids and cracks without necessarily

causing deterioration (Crammond, 2002).

3.4.2 Carbonation
Carbonation is the reaction of atmospheric carbon dioxide with the S/S treated materials,
which influences these materials chemically and structurally in several ways. The changes
induced by the carbonation reaction can be observed in the microstructure, but also in the
leaching behaviour of the contaminants. Carbon dioxide reacts with the products of cement
hydration with their conversion into calcium carbonate according to the equations 2.17 —

2.19.

CH, +CO, ,— CaCO,, +H,, (2.17)
C-S-H,, +CO,,, - CaCO,, +SiO,nH,0 + H (2.18)
C,AS,H,, +3C0, —3CaCO, +3CSH, + AH, + (26 -x)H (2.19)

Carbonation requires the presence of water to act as a solvent for CO,, but pore saturation

can hinder the CO, transport, preventing the carbonation from occurring (St. John ef ai.,
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1997). In the same way, the absence of water in the pores will not allow the carbonation to

take place (Lange, 1996).

The C-S-H gel is one of the most important hydration products in an S/S system and is
recognised as important for contaminant immobilisation. Malviya and Chaudhary (2006)
reported that carbonation has a detrimental effect upon the properties of the material due to
consumption of the Ca ions from its structure to form calcite (eq. 2.18). This process takes
place without an obvious change of the morphology. However, accelerating the hydration
process by curing in a carbon dioxide atmosphere (modified S/S-accelerated carbonation
process) has a positive effect on the mechanical and chemical properties of the waste-

forms (Lange, 1996).

The conversion of ettringite to calcite is due to a direct reaction with the CO; (eq. 2.19)
and results in volume increase which infills the pore spaces. The structure formed has a

higher density and improved structural integrity (Malviya and Chaudhary, 2000).

3.4.3 Alkali aggregate reaction
Alkali aggregate reaction (AAR) is a general term to describe any reactions between
alkalis present in the pore solution of a concrete and the minerals in aggregates. The main
alkali-aggregate reactions are alkali-silica reaction (ASR), alkali-silicate reaction and
alkali-carbonate reaction (ACR). Alkali-silica reaction is an expansive reaction between
sodium and potassium hydroxides in the pore solution and a siliceous component of an
aggregate. This produces a gel that forms in the aggregate pores or at its margins. The gel
can incorporate water and swell, exerting a pressure on the surrounding material, causing
cracking and disruption of the hydrated cement paste (Neville 2004). The formation of the
gel can take from a few months to a few years and this depends on three main conditions:
the alkalinity of the pore fluid surrounding the particle is sufficiently high; the moisture
content is not less than 85% in the pore structure and the presence of a reactive mineral in

the aggregate (St. John et al., 1998)
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