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neutralisation of liquid effluent streams, were chosen for study. The solidified products were

studied from both a physical and chemical standpoint.

A literature review presents a background to cement-based S/S, cement hydration behaviour
and mechanisms by which metals could be contained in S/S products, based on proposals by
other workers. Cr and Zn were of particu  interest in this work due to high levels being

found in the wastes and the different mec nisms by which they have been found to interact

W cement.

Preliminary experiments identified conditions which were conducive to the effective setting
of the monolith. Three operational variab 3 were chosen as having significance in
determining the quality of the resultant S/S product, namely water to solids ratio, cement
content and curing time. Effective setting f the cement-waste product was found to require a
preliminary wash of the untreated dust to remove much of this soluble chromium and other
salts. It was identified furthermore that the solids required higher amounts of water for

mixing than would be required for hardened cement pastes and concretes.

A number of fundamental tools was used to analyse the resultant product. These included
Scanning Electron Microscopy (SEM) which was used to characterise the morphology of the
S/S product, Energy Dispersive X-Ray Spectrometry (EDS) to characterise the chemical
composition of the products formed durii  cement hydration, X-Ray mapping which
identifies the spread of chemical components across a surface, X-Ray Diffraction (XRD) to
characterise crystalline structures in the material and permeability and pore size

characterisations.

The results of these characterisations found the S/S product to be highly porous and
amorphous structures in which the solid wastes were bound together by the products of
cement hydration. The chemical nature of these hydration products was found to be

significantly different to those found in a ardened cement paste.

Based on the results of the fundamental characterisations and literature reports, a physico-
chemical model was proposed for the S/S product. Particular attention was given to the fate of

chromium - in both Cr (III) and Cr (VI) forms - and zinc for reasons mentioned above.
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Figure 8-10 - Cr Release from the Solidified FeCr Dust Products as a function of

Cement Content and Curing Time, W/s constant ..........ccoecueeeeerecverveceeneneennenn

Figure 8-11 - Correlation between Experin ntal Cr Leaching Results and those

Predicted from the CCRD M el (indicated by the straight line) for ETP1

Figure 8-12 - Correlation between Experir ntal Cr Leaching Results and those

Predicted from the CCRD M el (indicated by the straight line) for ETP2

Figure 8-13 - Correlation between Experimental Cr Leaching Results and those
Predicted from the CCRD Model (indicated by the straight line) for the
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Figure 8-14 - Zn Release from the Solidified FeCr Dust product as a function of

Cement Content and Curing Time, W/S constant .............c.oocoeveeveeivreeeeneeneenens

Figure 8-15 - Ca Release from the Solidified ETP 1 product as a function of Cement

Content and Curing Time, W  ZONSIANt.........coceevevieieeeeeece e

Figure 8-16 - Ca Release from the Solidified ETP 2 product as a function of Cement

Content and Curing Time, W/S CONStANT..........c.ccveereeiieeiieieiecieereeeeeeeeeeeane

Figure 8-17 - Ca Release from the Solidified FeCr Dust product as a function of

Cement Content and Curing Time, W/S constant ..............ccooceeveeveeeerveerenenn.n.
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Nomenclature

Superficial cross sectional area of sample (m2)

Initial contaminant concentration in specimen (mg)

Crack length (mm)

Effective crack length (a + Aa) (mm)

Increment to notch length for agglomerates (mm)

Width of test specimen (m)

Permeability coefficient (cm/s)

Concentration (mg/1) or (mg/g)

Initial concentration (mg/1)

Concentration of contaminant in solid which is immobile (mg/g)
Concentration of contaminant in solid which is mobile (mg/g)

Sample diameter (m)

Particle diameter (m)

effective diffusion coefficient (cmz/s)

Molecular diffusivity (cm’/s)

Observed diffusivity (cmz/s)

Young's modulus of Elasticity (N/mz)

Acceleration due to gravity (9.81 m/s’)

Energy absorbed per unit area of crack, toughness or critical strain energy
release rate (J/mz)

Energy absorbed per unit area of crack to initiate fracture (J/mz)

Energy absorbed per unit area of crack in propagating the crack (J/m?)
Tensile strength of a single bond

Brinell Hardness

Coefficient of permeability (m/s)

Linear adsorption/desorption coefficient

Stress intensity factor (kN/m'm)
Critical stress intensity factor (kN/m
Length of sample/ path length (m)
Mass of contaminant in sample at time t=0 (mg)
Cumulative mass of contaminant leached at time t (mg)
number of leaching periods

pressure at end of test (Pa)

Load per unit thickness (kIN/m)

pressure at beginning of test (kPa)

Pressure drop/gradient (Pa)

Universal gas constant (8,314 J/mol K)

Radius of the plastic zone (m)

Indenter radius for spherical penetration tests (cm)
surface area of a specimen (cmz)

Distance between supports in a triple point bending test (cm)
Fractional saturation

Time for pressure to decrease from P, to P (s)

Time to the middle of the leaching period (s)
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Time to end of leaching period (s)
Principal tensile stress

Duration of the leaching period (s)
Apparent linear flow rate (Pa/s)
Energy required to initiate fracture
Stored elastic energy (J)

Linear flow rate through a solid (m/s)
Volume of air under pressure (m3)
Volume of the specimen (cm’)
Height of test specimen (m)

Work done (J)

Path length (cm)

Polynomial function introduced to account for surface geometries in the triple
point bend test

Constant

Penetration depth of spherical plunger (mm)
Surface tension

Strain

Voidage fraction

Absolute temperature (K)

Semi-angle of liquid ring

Stress (N/m?)

Failure stress (MN/mz)

Tensile strength (MN/m?)

Yield strength (MN/m?)

Calibration factor

Molecular mass of permeating air (kg/mol)
Poisson’s ratio
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List of Acronyms

AA Atomic Adsorption

ANSI American National Standards Institute
CCRD Central Composite Rotational Design
CSIR Council for Scientific and Industrial Research
DCR Dispersion by Chemical Reaction

DWAF Department of Water Affairs and Forestry
EDS Energy Dispersive X-Ray Spectroscopy

EE Equilibrium Extraction

hep Hardened cement paste

ITS Indirect Tensile Strength

ITT Indirect Tensile Testing

LEFM Linear Elastic Fracture Mechanics

MIP Mercury Intrusion Porosimetry

NKLT Non-Agitated Kinetic Leach Test

OPC Ordinary Portland Cement

PPC Pretoria Portland Cement

SCE Sequential Chemical Extraction Test

SEM Scanning Electron Microscope/Micrograph
S/S Solidification/Stabilization

TCLP Toxicity Characteristic Leaching Procedure
UCs Unconfined Compressive Strength

UCT University of Cape Town

ULP Uniform Leach Procedure

[8AY Ultra violet

US EPA United States Environmental Protection Agency
XRD X-Ray Diffraction

w/c Water to Cement Ratio

w/s ratio Water to Solids Ratio

Cement Chemistry Notation

A Aluminium

C Calcium

GA Tricalcium aluminate
CH Calcium hydroxide
C,S Dicalcium silicate
CsS Tricalcium silicate
C-S-Hor Calcium silicate hydrate gel
CSH

F Iron

H Water

S Silcia

S Sulphate
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Intraduction S

1.3 Solidification/Stabilization as a Was Treatment Option

One group of technologies which satisfies 1 : above requirements is known as
Solidification/Stabilization (S/S). The terms Solidification and Stabilization (S/S) refer to
technologies in which selected materials are added to a waste in order to render the waste less
hazardous, or less capable of introducing its “into the environment [Conner (1986)]. The terms
Solidification and Stabilization are often used together. It is necessary, however, to distinguish

ween the two processes by which treatment is achieved:

Solidification is used to describe processes which improve the physical and handling
characteristics of the waste by producing a granular or monolithic solid end product.
Reduction of toxicity is achieved pri  irily by reducing the surface area over which transfer
of contaminants to the environment can occur. Solidification may or may not involve

chemical bonding between toxic constituents of the waste and the solidification agent.

Stabilization describes processes which reduce the solubility or mobility of the toxic
components of the waste or convert e waste to a more chemically stable form.
Stabilization can be achieved in a number of ways. The mobility of the toxic components
can be reduced by encapsulation into a solid structure. Chemical detoxification of the
contaminants can be achieved by chemical reaction to less toxic forms or by biological
processes. Adsorbents are sometimes added to reduce mobility. Lime can be added to a
heavy metal sludge to precipitate out the metals as hydroxi = . Stabil” ‘ior *~ . not

necessarily imply a solid end product [Cullinane et al (1986)].

A number of treatment processes fall under the general definition of S/S. Table 1-1 provides a

comparison of some such treatment technologies.
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Waste Praducts. Prelimjnarv Investigations and Sample Preparation 43

(ii) Physical Description

The FeCr Dust is fine, with a large proportion of the particles being less than one micron. A
particle size distribution for the dust, det nined by a Malvern laser particle sizer, appears in
Figure 3-1. The majority of the particles = less than 0.36pum, with 12% of the particles being
less than 60nm in diameter. The dust is gunmetal grey in colour, highly mobile in air, settles

rapidly in water and has a specific gravity of 2.63.
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Figure 3-1 - Particle Size Distribution of the FeCr Dust

Figure 3-2 presents a scanning electron micrograph (SEM) of the FeCr Dust.

Figure 3-2 - Scanning Electron Micrograph of the FeCr Dust
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Results of Fundamental Characterisations 87

In pure cements and concretes the formation of calcium hydroxide crystals is observed. Such
crystals were not observed in the SEM and XRD analyses presented in sections 4.1.3 and 4.2. It
is proposed that the hydroxide ions found in the pore water of the S/S products may precipitate
with metal species such as Zn, Cr(III), Mg and Mn. These and other precipitation products,
expected to be primarily amorphous, may be loosely contained in the pore spaces and have the

potential to contribute to the strength of the S/S product.

The strength of the S/S products is thus a combined function of the intermeshing of the
cement hydration products, primarily CS  any other solid material precipitated in the pores
and liquid-liquid bridges formed by residual water in the pores. Different mechanisms of

physical bonding are discussed in Chapter 5.

Fibrillar Cement Hydration
Products (mainly CSH of
/ unknown composition),

potentially containing Mg, K and
Na

Precipitated metal
hydroxide complexes

Silica aluminate core of dust, with
high concentrations of Cr and Fe
from original ore (less than

\1rn£ron diameter)

Volatiles condensed as
outer layer of dust
ticle

Unhydrated
Cement particle

Pore space filled with alkaline
pore solution containing
solubilized anions and cations

Figure 4-25 - Proposed Model of the Solidified FeCr Dust Product
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Materia] Strenoth and Fracture Mechanics 101

(b) The funicular state is characterised by a continuous network of liquid interspersed with
air. The tensile strength of the agglomerate in the funicular state, 6,, can be approximated

by:

1-¢gf

o =5C % (5-2)

&
where S, is the fractional saturation, defined as the proportion by volume of the liquid phase
in the pore space, C, is a dimensionless parameter related to the specific surface of the solid
particles and accounts for the non-sphericity of the particles, € is the void fraction of the

assembly and d is the particle diameter.

(c) The capillary state occurs when the void space is completely filled with liquid. Here the
interfacial forces exist only at the surface of the agglomerate particles and give rise to the
bonding forces. For irregular particles in which the liquid completely wets the solid, the

following equation holds:

l-g¢ v
= 5-3
e d (5-3)

0't=C1

(d) At high liquid contents the liquid can completely envelop the particles. The particles are

held together by the interfacial tension of the convex surface of the continuous liquid drop.

In agglomerates which are held together by movable liquid bridges, adhesion of the liquid to
the solid and forces between particles within the liquid must be of sufficient magnitude to
transmit the tensile stress and to sustain e capillary pressure. This condition is fulfilled
because the molecules responsible for the tensile strength of the bridge are found only on
the outer surface of the adhering bridge. The number of particles at the air-liquid interface is
considerably less than are found within the bridge. Considering the force between particles,
and hence the strength of the bridge, is a function of the distance between the particles (with
stronger forces being found at shorter distances), an increase in the strength of the bridge
can be effected by more particles moving to the air-liquid interface. When a stress is placed

on the bridge rearrangement of the particles within the bridge occurs to account for this
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No information can be isolated on the fracture behaviour or strength of the individual bonds
from such a test. Later on in this chapter the tools afforded by Linear Elastic Fracture
Mechanics (LEFM) are employed with the aim of identifying the factors which control the

fracture process.

What are acceptable strengths for S/S products? The Nuclear Regulatory Commission
guidelines of 1983 call for Unconfined Compressive Strengths to the order of 1.035 MPa
[Cullinane et al (1986)]. British waste disposal authorities and the US EPA recommend a
compressive strength of not less than 0.35 MPa for S/S end products which are to be placed in a
landfill site [Amiella and Blythe (1990), Sollars and Perry (1989)]. For comparison, commonly
achieved compressive strengths for concrete are to the order of 10 MPa [PCI (1986)].

5.7 Stresses and Strains, Young’s modulus, Notching, Plastic and Elastic Energy

Dissipation

Prior to launching into a full discussion of fracture mechanics, it is worthwhile to provide here a
brief discussion of a number of terms which the reader may encounter in the course of the

following sections.

“All this brings us to the question of stresses and strains, words which the
layman is apt to regard as alarming, distressing and confusing. This is
perhaps partly because the. words may conjure up the idea of a wildemess of
mathematics but probably no more because the words have been borrowed
or stolen by non-scientists to describe the mental condition of human beings.
In this connotation the words have no very precise meaning and commonly
stress and strain are used interchangeably as if they meant the same thing.”

Gordon (1988)

The terms ‘stress’ and ‘strain’ have distinct meanings within materials science. The tensile
stress is a load per unit area given by 6=F/A with units of kN/m”. Tensile strain is the amount of
stretch or deformation under load per unit length in response to the stress. Strain is given by

AL/L, where AL is the deformation and L is the original length of the object under strain.
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When a stress is applied to an object, the deformation may or may not be visible. If the stress 1s

released and the solid returns to its original form, the deformation which occurred is said to be
elastic. While under stress, the bonds within the solid are under strain and the applied energy is
said to be stored as strain energy and is recoverable. Plastic deformation, however, occurs when
the applied energy has been dissipated by permanent modification of the bonds in the solid and

the object can not return to its original state even once the load is removed.

o]
Area A :
S S
I ki
-—— [ ——
L l )
‘ r g u/2
1 =
| Lo}
F
Tensile stress o=F/A Nominal tensile strain=u/L

Nominal lateral strain=v/L

Figure 5-5 - A Graphical Representation of Stress and Strain

Materials to be tested in laboratory conditions are often notched or precracked prior to testing.
When a notched material is placed under stress there is a concentration of stresses near the tip of
the notch. Analysis of these stresses and subsequent failure of the material provides information

on the bonding within the solid and the strength of the material.

Mullier (1991) suggests an alternative definition for deformation in terms of deformation with
or without flow, and with or without cracking. Flow is when the physical form of a material is
permanently changed by changing the shape of the interparticular bonds, and rearrangement of
the particles in the solid without breaking any of the bonds. If flow occurs prior to failure it is
termed ductile whereas if flow does not occur the fracture is termed brittle. Failure by cracking

with no flow is known as elastic fracture and if flow occurs it is plastic failure.

Originally, fracture analysis techniques were developed for testing of linear elastic materials

[Adams et al (1989a)]. These are materials in which applied stress is directly proportional to the
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resultant strain, where the proportionality constant is known as the Young’s modulus,
traditionally given the symbol E. The Young’s modulus is a material constant and can be
obtained from the linear section of a plot of stress vs strain for a material. Most solids are elastic
to very small strains (up to about 0.001) [Ashby and Jones (1989)]. Beyond that some fracture
and others deform plastically. Some solids (such as rubber) are elastic up to strains of 4 to 5, but

cease to be linear elastic after a strain of about 0.1 [Ashby and Jones (1989)].

5.8 Modes of Failure

It is relevant here to distinguish between the three distinctly different modes by which failure
of a material is observed to occur. These are depicted in Figure 5-6. Mode I or opening mode
is the normal separation of the crack walls under the action of tensile stresses. Mode I,
sliding mode, corresponds to mutual shearing of the crack walls in a direction normal to the
crack front and mode III or tearing mode, corresponds to mutual shearing parallel to the crack
front. Failure can occur by a combination of these modes [Lawn and Wilshaw (1975)]. In the
sections which follow, discussion is focused on test configurations in which failure occurs
due to tensile stresses being placed on a material. Further discussion in this document is thus

directed primarily at the mathematical and experimental description of Mode I failure.

-00%

mooe | mooe H MODE Il
OPENING MODE SLIDING MODE TEARING MCDE

Figure 5-6 - Modes of Notch Opening [Ewalds and Wanhill (1984)]
5.9 Measuring Strength - The Linear Elastic Fracture Mechanics (LEFM) Approach
The UCS and indirect tensile tests (ITT), and the simple Rumpf models discussed above, isolate

a macroscopic material strength parameter based on failure occurring instantaneously at all

points in the failure plane. Although for ideal materials or those in which the strength is purely
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a function of the individual bonds in the solid the strengths can be predicted by the Rumpf
models, most real materials are observed to fail at strengths which are sometimes as much as
one or two orders of magnitude lower than their theoretically predicted values [Irwin (1957),
Griffith (1920)]. The reason for this observation is as follows: most materials which are put into
use have small cracks which result from handling or which occur while the material is

| performing the function for which it is required. An ideal material will fracture when an applied

stress exceeds the fracture stress of all of the individual bonds as discussed.

In a cracked material, however, a concentration of stresses occur at the tip of the crack. This
implies that although the applied stress to a material may be lower than the fracture stress, the
localized stress at the crack tip may exceed the fracture stress at the tip of the crack. This can
cause the crack to propagate through the material at a stress lower than that predicted by theory.
Initiation and subsequent propagation of cracks is discussed further in section 5.9.1 onwards. In
order, therefore, to evaluate effectively the stress which a real material containing inherent
cracks can be expected to bear in practice without failing, it is not possible to make use of the
equations provided for ideal materials. The effect of cracks on the failure of materials must thus

be included in the calculation of their ultimate bearing stresses.

The strength properties of a multiphase material such as hardened cement paste (hcp) or
concrete are influenced directly by the relative proportions of phases of different strengths, and
by the internal microstructure of the material. The arrangement of particles relative to each
other, the size and shape of the pérticles, the structure and nature of the surface at the phase
boundaries and the strength of inter-particle bonds will all directly influence the strength of the

material.

Linear Elastic Fracture Mechanics (LEFM) is a name given to a science which is aimed at
understanding the effect of flaws on the strength of materials. Using LEFM techniques
information can be gained about the distribution and dissipatibn of strain energy in a stressed
material. Initially the tools it afforded were used to describe purely linear elastic materials. In
recent years the some work has been carried out which focusses on extending these analyses to
describe a broader base of non-homogeneous materials such as granular agglomerates [Xu et al

(1995), Mullier (1991), Adams et al (1989a)]. In the case of a multiphase material such as the
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S/S products, the techniques and analyses can be further extended to provide information on
which of the bonds as described above are limiting in determining strengths. A discussion of

such analyses is presented in the following sections.

5.9.1 Griffith’s Energy Balance

Griffith (1920) was the first person to describe fracture mathematically using an energy balance
approach. Consider a rectangular sample of a linear elastic material subjected to a tensile stress
o. Plastic dissipation of energy is assumed to be negligible and the strain energy will be stored

elastically throughout the specimen. The stress is proportional to the applied strain given by:

c=Eeg (5-5)

where E is called the Young’s modulus. The strain energy density E (or energy stored per unit

volume) can be found by integration from £=0 to £=¢, giving:
~ € 82
E= js de=E— (5-6)
; 2

Now, substituting in Equation (5-5) gives:

E=—"— ' (5-7) -

If a through-thickness notch of length a is introduced into the stressed material the bonds which
were strained along the length of the notch are broken. As a result of the breaking of these
bonds there is a further release of strain energy in a region extending from above and below the
crack (see Figure 5-7). This strain-free region may be approximated by a triangle of height

which is dependent on a, represented as fa.

The value of B will depend on whether the material under tension is in plane stress or plane
strain (see section 5.9.3 for a discussion on plane stress and plane strain). For plane stress f=n
and for plane strain p=mn(1-v>) where v is Poisson’s ratio. Poisson’s ratio is defined as the

negative ratio of lateral strain to tensile strain [Ashby and Jones (1980)].
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Energy is released in this
region as crack advances

Strain-free region

Figure 5-7 - Notched Elastic Material under Tension

If the thickness of the sample is B, the volume of the relaxed area shown in Figure 5-7 1s pa’B.
The energy, U, which is released as a result of the introduction of the notch as described above

is given in plane stress as the strain energy density * volume [Knott(1973)]:

2
U=-S_paB (5-8)
2E
As the crack extends by a distance da, the extra strain energy released is given as:
o2
ou = —9—BaB Oa |
5P 69

According to Griffith’s energy balance, as the crack advances into the solid, the strain energy
released at the crack tip provides the energy required to continue creating new surfaces.

Fracture occurs when the stored elastic energy released by crack propagation exceeds the energy
required to break the bonds responsible for holding the sqlid together at the crack tip and
thereby creates new surfaces. These bonds will be those formed by liquid and solid bridges as
described previously, and thus the total energy required for creating new surfaces will be the
sum of the energies required to break the individual bonds across the failure plane. The crack
propagation process marks a move from a higher energy to a lower energy state, being a

thermodynamically favourable transition [Mullier (1991), Knott (1973)].

Expressed mathematically, the Griffith criterion for crack propagation is given by:
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oU _ _0A (5-10)

—_—— Dy —

a  Oa
The left hand side of this equation is the strain energy released per unit crack length as the crack
propagates and is given the symbol G. The right hand side of the equation represents the rate at
which surface energy is absorbed in creating new surfaces. v is the surface free energy of the
material and A is the fracture surface area. In the case of poly-phasic materials such as the S/S
products, the surface free energy is the energy required to break the bonds between the particles
in the agglomerate which results in the formation of new surfaces. According to the Griffith
criterion, therefore, crack propagation occurs when G reaches a critical value, G.. If one
assumes that all of the strain energy goes into the creation of new surfaces, then G, is also equal
to twice the surface free energy of the material, 2y. The factor of two comes about as two new
surfaces are formed as the crack propagates. The factor 2y is sometimes called the crack

resistance, R.

The disadvantage of the analysis afforded by Griffith’s approach presented above is that the
parameters are calculated assuming the energy dissipated in the system is consumed solely in
the creation of new surfaces. It was thus developed for materials which behave purely
elastically. In most real materials some energy is dissipated in plastic deformation or
microcracking prior to macroscopic fracture. An alternative approach is thus appropriate to

account for such energy dissipation processes.
5.9.2 Irwin’s Approach to Describing Fracture

Irwin (1957) proposed an alternative to Griffith’s energy balance, which investigates failure in
terms of the elastic stress field around the crack tip. The components of the stress field j;
around the crack are shown schematically in Figure 5-8. From Irwin (1957) an analysis of the
stress function around the crack tip in terms of complex numbers allow the stress components to

be expressed as:

K v
6; = —={,(0) + non — singular terms (3-11)
oy i(0) 8

y
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In equation (5-11) K is known as the stress intensity factor and defines the magnitude of the
stress field at a specific point. The complex number analysis gives rise to a harmonic equation,
explaining the origin of the non-singular terms (which are a function of 0) in equation (5-11).
An analysis of such theory is beyond the scope of this review but can be found in texts such as
Knott (1973). The equations are complicated to solve mathematically and simplifications are
often introduced to allow for easy solution of the model. Westergaard’s solution [Westergaard
(1939)] assumes that the crack tip is perfectly sharp. Then, close to the crack tip, the non-
singular terms become negligible [Lawn and Wilshaw (1975), Knott (1973)]. Expressions for
f;;(0) are presented in texts such as Knott (1973) as:

f,. =cos30(1-sinlOsini0)
f,, = cos36(1 +sin0sin30) (5-12)

=cosi0sinlfsin2
f,, =cos50sin40sin30

In practice, £;;(0) is defined as an empirical function of a/W, the crack length and the specimen
height, and is given the symbol Y. f(a/W) for different geometries is documented in texts such
as Rooke and Cartwright (1976) and British Standard 7448 (1991).

Figure 5-8 - Stress Field near the Crack Tip

Most LEFM analyses are carried out using experimental configurations in which Mode I
deformation occurs (see section 5.8) [Knott (1973)]. In mode I deformation, which is the focus

of this current work, the stress intensity factor is expressed as Kj, and only the plane of opening
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(the xy plane in Figure 5-8) is considered. Changing from spherical to cartesian coordinates, r
becomes equivalent to a, the length of the crack. Using cartesian coordinates, replacing f;(6) by

Y and discounting the non-singular terms, Equation (5-11) becomes:

K, = o+na f(a/ W) =oY+/na (5-13)

Crack propagation, which signifies failure of the solid, occurs when the applied stress reaches
some critical value o;. The stress intensity factor calculated at this failure load is known as the
critical stress intensity factor (or the fracture toughness) and is given the symbol K¢ (having
units of Force/Distance3/2). K¢ is an inherent material property and signifies the resistance of a
material to crack propagation. Since the strength of a material depends on the combined strength
of the individual bonds within that material as described above, K¢ is also a function of the
strength of those bonds. Changes in the nature and composition of liquids and solids connecting
particles in an agglomerate will thus change K¢ in a fashion similar to the effects on strength

discussed in sections 5.2 to 5.4.
5.9.3 Plane Stress and Plane Strain

Figure 5-9 shows a representation of the shape of the area surrounding the crack tip in a
through-thickness notched plate under tension, as presented in texts such as Ewalds and Wanhill
(1984) and Brown and Srawley (1966). Plane strain conditions are said to occur when one of
the principal strain components is zero, while plane stress occurs when one of the principal

stresses is zero.

PLANE STRESS
AT SURFACE

PLANE STRAIN

Figure 5-9 - Through-thickness Plastic Zone in a Plate of
Intermediate Thickness [Ewalds and Wanhill (1984)]
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_ Consider Figure 5-9. Near the surface of the plate there are no stresses in the thickness (z)
direction of the plate, so there exists a biaxial condition of stress along the x and y axes - known
as plane stress. Furthermore, the plastic zone is able to flow freely in this region. As one moves
inwards toward the centre of the plate, plastic flow of the material is restricted by surrounding
elastic material, and the effect of the free edge as a stress release diminishes. In this region the

material tends towards a state of plane strain.

The plastic zone therefore extends much further ahead of the crack near the faces than it does
near the middle of the notch, and this influence of the free surface is proposed to extend into the
thickness of the specimen for a distance which is proportional to (KI/cs'YS)2 [Ewalds and
Wanhill (1984)].

When the thickness is less than a critical value proportional to (Kl/cys)z, the plane stress
influence of the free faces will extend through the entire thickness, and the sample will fail by
plastic deformation before the stress intensity reaches K;c. The effect of any opening-mode

(Mode I) crack extension which occurs is masked by the effect of the plastic deformation.

Consider Figure 5-8. When plane stress exists, as in a thin sheet, there are no through-thickness
stresses so that 67 = 0. Yielding occurs along the planes of maximum shear stress which are set
up at 45° to the x and z axes. When the specimen is in plane strain, the minimum principal
stress becomes oxy. Yielding, discussed in section 5.9.7, occurs when the principal stress

reaches some critical value, given by:

Plane stress Oyy = Oy
. (5-14)
Plane strain Oyy= Oy *+ Oxx

In other words higher stresses are required to produce failure in plane strain than in plane stress.
K¢, the parameter of interest in this study, is a measure of the plane strain fracture toughness

for a material. Considering Figure 5-9, it is essential that specimen dimensions are chosen such
that plane strain fracture does, in fact, occur. Should this not be the case, the K;¢ of the material

will be underestimated.
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5.9.4 Relationship Between K;- and G

Since K¢ and G both relate to the strength of the material, a relationship exists between
them. A full derivation of this relationship is presented by Knott (1973) and gives:

G, - Kie (5-15)
E
where E is given by E, the Young’s modulus, for plane stress and E/(l-vz) for plane strain.
For mortars and concretes, values of the Poisson’s ratio, v, have been found to lie between
0.1 and 0.22, with the value of v decreasiﬁg as the fraction of aggregate within a given
volume is increased [PCI (1986)]. For most metals v lies between 0.28 and 0.33 [Knott
(1973)]. If one takes 0.1 as the minimum and 0.33 as the maximum pos_sible values of v
which would be found in S/S products, the term (1-v®) will lie between 0.89 and 0.99. It is
suggested that this term is insignificant in the above calculation and disregarding it makes E’
equivalent for plane stress and plane strain, given the symbol E. E can be determined

experimentally from the linear region of a plot of applied stress vs the resultant strain for a

given material.
Table 5-1 presents values of G, and K¢ for a number of different materials

Table S-1 - G, and ch for a number of different materials [Ashby and Jones (1980)]

Material G /kIm=2? K/MNm-

Pure ductile metals 100-1000  100-350

(e.g. Cu. Ni, Ag. ADY
Rotor steels {A533: Discalloy) 220-240 204-214
Pressure-vessel steels (HY130) 150 170
High-strength steels (HSS) 15-118 50-154
Mild steet 100 140
Titanium ailoys (Ti 6A14V) 26-114 55-115
GFRPs 10-100 20-60
Fibreglass (glassfibre epoxy) 40-100 42-60
Aluminium alloys 8-30 23-45

(high strength~low strength)
CFRPs 5-30 3245
Common woods, crack 1 to grain 8-20 11-13
Boron-fibre expoxy 17 16
Medium-carbon steel 13 5t
Polypropylene 8 3
Polyethylene (low density) 6-7 1
Polyethylene (high density) 6-7 2
ABS polystyrene 5 4.
Nylon 24 3
Steel-reinforced cement 0.24 10-15
Cast iron . 0.2-3 6-20-
Polystyrene 2 2
Common woods, crack || to grain 0.5-2 0.5~1
Paolycarbonate 0.4-1 1.0-26
Cobalt/tungsten carbide cermets 0.30.5 14-16
PMMA 0.3-04 0.9-1.4
Epaxy 0.1-0.3 0.3-0.5
Granite (Westerly Granite) 0.1 3
Polyester 0.1 0.5
Silicon nitride. Si,N, 0.1 4-5
Bervilium 0.08 4
Silicon carbide SiC 0.05 3
Magnesia. MgO G.04° 3
Cement/concrete, unreinforced 0.03 0.2
Calcite (marble. timestone) 0.02 0.9
Alumina, ALO, 0.02 3-§
Shale (oilshale) 0.02 0.6
Soda piass 0.01 0.7-0.8
Electrical porcelain 0.01 -1
Ice 0.003 02*

* Values at room temperature unless starred.
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5.9.5 Crack Initiation and Propagation Energies

In order for a crack to grow through a material, a critical ehergy is required to initiate growth.
Once initiation has occurred, three types of further propagation are defined - unstable, semi-
stable and stable. The force-deflection curves for each of these mechanisms of crack
_propagation is presented in Figure 5-10 a-c. In the case of an unstable crack, sufficient strain
energy is stored in the specimen to allow for propagation of the crack across the width of the
specimen. A stable crack will require further energy to continue propagation. A semi-stable
crack is one which starts off unstable before crack arrest occurs. In semi-stable crack
propagation crack arrest occurs when sufficient strain energy has been used in crack
propagation to reduce the stored strain energy to be less than the energy required for further

propagation, prior to complete fracture of the solid.

Unstable Semi- Stable
F stable

G \ Ge,

a b : c

Deflection

Figure 5-10 - Crack Propagation Modes

According to equation (5-10), initiation of propagation occurs when the strain energy release
rate, G, is greater than the crack resistance, R. R was defined previously as the energy
required to create new surfaces and is given as twice the surface free energy of the material.
For the crack to continue propagating without further work, it is required that:

dG dR (5-16)

—_— S —

da da
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At this point it is appropriate to introduce a parameter known as the compliance of a system.
For a specimen which is assumed to deform in a totally elastic manner C, the compliance, or
inverse of stiffness, is purely a function of the crack length (a) and the geometry of the test
setup. C is defined as the ratio of the deflection of the system (x) to the applied force causing
that deflection (F) (Plati and Williams (1975)):

X
C(a) == (5-17
(a) F )
Since the system is entirely elastic, all of the energy supplied by the applied load goes into
causing the deformation. Furthermore, the relationship between applied load and deformation

will be linear. The energy absorbed will thus be given by the area under the triangle in the

load-deflection diagram:
1 1,
U==Fx==-FC (5-18)
2 2 :

Now, from equation (5-10), the strain energy release rate for uniform thickness B, G is given

by:

dU (5-19)

1
B da
Initiation of crack growth has been discussed previously to occur when G reaches a critical

value G, which, substituting equation (5-18) into (5-19) gives:

_F?dC_WF* dC (5-20)

€7 2Bda 2B d(a/W)

at the critical force F which initiates crack growth. The second part of this equation is used

further.

A factor ¢ is now introduced to make the analysis applicable to other geometries. Before

proceeding further in the development of this analysis, therefore, it is necessary to introduce
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the geometry of the tests to be used in this work. The three point bend test is presented in
Figure 5-11 and is discussed in section 5.11.1, and the analysis presented here will relate

specifically to this test system. In this case ¢ is defined as [Plati and Williams (1975)]:

C
- dC/ d(a/W) (5_21)

¢
and is thus a calibration factor which is a function of /W and s/W. It is presented as an
empirical function of a/W for various values of s/W in texts such as Plati and Williams

(1975). These functions were determined experimentally by measuring the change in

compliance for different values of a/W.

Applied load

Rectangular
Sample of Width = B

Inserted Crack
a

-« T >

Static Supports

- o
[ s *

'y

L -
Figure 5-11 - Configuration for the Three Point Bend Test

Substituting equation (5-21) and equation (5-20) into equation (5-18) and rearranging gives
the value of the strain energy release rate for crack initiation for both stable and unstable |

fracture Gy as:

U

G = BWo (5-22)
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In this equation ¢ is a function of the geometry of the test system. If the crack is semi-stable
or stable, the total energy required for fracture (initiation and propagation), Uy, is given by the
total area under the load versus displacement curve. The strain energy release rate required

for further crack propagation, Gcp, can thus also be calculated. This is given by:

Up

G = ) (5-23)

5.9.6 Prediction of Crack Stability

Using the development presented in the former sections, it is possible to determine whether
crack propagation will be stable or unstable. An unstable crack will propagate after initiation

without the addition of any more work. If the crack resistance, R=Gg, is constant, for unstable

crack propagation, equation (5-16) gives:

LS} >0 (5-24)
da

In the case of a linear elastic material, the stress is directly proportional to the strain. The

energy required for crack initiation/propagation for such a material in unstable fracture is

given by the triangular area under the load-displacement curve, thus U=%2Fx. Now, according

to the discussion in the previous section, F=x/C. For a constant X, equation (5-20) can be

rearranged [Ewalds and Wanhill (1984)] to give:

1 (x)z dC (5-25)

“2B\C/) da

For a constant R=G, (that is, dR/dA=0), and assuming the kinetic energy changes with crack
length may be ignored, equation (5-25) is substituted into equation (5-24) and solved to
express equation (5-24) in terms of compliance (see Appendix C1 for the derivation of this

equation) [Mullier (1991), Williams (1984)]:
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cdc, 2(10_)2 | (5-26)
da® da -

Using ¢ from Equation (5-21), this may be manipulated to give [Williams (1984)]:

& (5-27)
d@a/ W)

for initiation of crack extension. The derivation of this equation is presented in Appendix C2.

Now, in order to determine whether a crack will propagate over the entire sample, return to
equations (5-22) and (5-23). The former is written in terms of the energy required for the
crack to initiate propagation, and the latter in terms of the energy taken up by propagation.
For a crack to continue propagation, therefore, the released sthed strain energy in the sample,
represented by the initiation energy of the crack, must be greater than the ehergy required for

propagation. Using equations (5-20) and (5-21):

a a
G.BW¢>G BW(I——) +—>1 5-28
c 6> G W or o W ( )

for unstable crack propagation through the entire sample [Williams (1984), Mullier (1991)].
The inequalities provided in equations (5-22) and (5-23), along with the empirical functions
of ¢, provide a means to predict whether notch propagation will be stable or unstable for any
given system of which the geométry is known. It is once again noted that this is for linear
elastic materials. The interpretation of this analysis for materials in which either plastic or

other energy dissipation mechanisms occur prior to fracture is continued in section 5.9.8.
5.9.7 The Yield Stress - Definition and Experimental Determination

In an ideal linear elastic material, étrain energy is stored elastically until brittle failure occurs.
When a real material is loaded, however, energy dissipation and failure may occur due to ductile
yielding. Here the material in the failure zone flows until failure. The von Mises criterion for
yielding was developed to predict the point at which plastic flow in a stressed material will

begin to occur. A full derivation of the von Mises criterion (presented in German in von Mises
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(1913) and summarized in English in Williams (1983)) is not relevant in the scope of this work.
The criterion is based on an analysis of the principle stresses in the solid and says that yielding

will occur when the sum of the stresses along the various axes reaches a critical value, oy.

If one takes the three principle stresses oy, oyy and 677 as shown in Figure 5-8 and denotes
them as 6,, 6, and 6; with 6,>6,>0;, then the von Mises criterion predicts that the material will

flow plastically when:
(61-62)" + (02 - 63) + (03 - 61)" = 20" (5-29)
where oy is the yield stress of the material.

This solution provides an accurate prediction of the yield stress [Mullier (1991), Williams
(1973), Tabor (1948)]. The solution of this equation when axial symmetry is involved is
difficult to resolve and an approximation of the von Mises criterion is often used to describe
yielding. The Tresca criterion (see, for example, Knott (1973)) was developed based on the fact
that yielding is a shear process, and states that yielding takes place on planes at 45° to the

principle axes when the maximum shear stress reaches some critical value, that is to say when

6,-06, G,—0C; G;—0, (5-30)
2 7 2 7 2

Sy _
2

whichever of these terms is the greatest. It is noted that although this approach is simpler to
solve mathematically it is generally inferior to the von Mises criterion [Williams (1973)).
Experimentally, the yield stress, oy, can be determined using the configuration suggested by the
Brinell hardness test which is performed using a spherical indenter. This configuration is shown
in Figure 5-12 and discussed in section 5.14.1. The following discussion, based on Mullier
(1991) and Tabor (1948), provides an understanding of the energy dissipation occurring in this

test configuration which allows for calculation of the yield stress oy.
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‘A typical force-deflection plof from thé spherical indentation for the material used in this work

is presented in Figure 5-13 (the slope-deﬂectibn curve, calculated as dF/d3, shown on this plot

is discussed further below).

Load

Figure 5-12 - Configuration for Spherical Indentation Testing

When an ideally plastic material is subjected to a load, initially it will deform elastically, even if
only to a small degree. Eventually a force is reached where plastic deformation begins to occur.
The von Mises criterion mentioned previously states that the material will begin to deform
plastically in a region below the surface when the mean surface pressure on the material reaches
a value of approximately 1.1 oy. At this stage the plastic zone, and the resulting permanent
deformation, is small. As the force is increased, the size of the plastic region grbws until it
extends over the whole region of the deformation caused by the indenter. At this stage, the

pressure - yield stress relationship is given by:
P,~co,=H . (5-31)

where H is the Brinell hardness, and c is a proportionalify constant which liesvbetween 2.6 and
3, depending on the depth of the indentation and the type of the material. The value of ¢ caﬁ be
determined experimentally [Mullier (1991)]. Materials such as foams have low values of ¢ since
there is very little deformation prior to collapse, while denser materials will have a higher value

of c. For agglomerate bars made with a particles bound by a polyvinylpyrrolidone (PVP) binder
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Mullier (1991) uses a value of ¢=2.7. In preliminary work for this thesis it was seen that a 4%
increase in the calculated value of yield stress was observed by changing ¢ to 2.6 and a decrease
of 10% by using ¢=3.0. A value of ¢=2.7 is used further in the interpretation of data in this |
thesis, while recognising that samples may be denser than those found in the work of Mullier
(1991) due to the smaller particle sizes which result in closer packing. If the latter is true, the

yield strength may be slightly overestimated in the current work.

Initial contactand ; __  Plasticdeformation _ |
T Elastic region ! zone
05 ] l—‘“ -
]
|

Applied F (kN)

0 02 04 06 08 1 12 14 16

Displacement (mm)

Figure 5-13 - Typical F-Displacement and Slope-Displacement Curves

for the Spérical Indentation Test

Relating pressure to the applied load (F) gives Pm=F/A=F/7ta2. Considering the geometry of the
system as shown in Figure 5-12, the contact radius of the indenter (a) can be expressed in terms

of the depth of indentation (8) and radius of the indenter (R) as follows:

2_n2 m s\ g2
a"=R"-(R-8)"=2R3-0 (5-32)

When the radius of the indenter is chosen such that R>> then the force - penetration depth

relationship is given by:
F =c.2nRéoy (5-33)

According to this relationship the slope of the linear section of a plot such as that shown in

Figure 5-13 will give oy, the yield stress. The region in which the relationship is linear is



128 Chapter 5

determined by calculating the slope of the F-5 graph (dF/d3) and plotting slope as a function of

penetration distance. Such a graph is also shown in Figure 5-13.

Using a value of R of 12.5 mm (as used in this work - see section 5.14.1) and an average

penetration depth of 1 mm, the simplification of ignoring the &> term results in an error of 5% in

predicting the value of oy.

The assumptions in this development are of an ‘ideally’ plastic solid in which all permanent
energy loss prior to failure goes into plastic deformation - that is to say there is no energy loss
via microcracking or other dissipation mechanisms. The indenter is also required to be

frictionless.

The assumption of an ‘ideally’ plastic solid needs to be questioned in the case of agglomerates
such as S/S products. Energy dissipation via processes such as microcracking has already been
discussed. Such microcracking processes can be detected as distinct, but small, peaks in a load-
displacement curve. In this work it is suggested that such microcracking processes are

insignificant relative to the plastic deformation and that the assumption of the ‘ideal’ plastic

solid holds.
5.9.8 Interpretation of Data for Plastically Deforming Materials and Agglomerates

The Irwin analysis for ideal linear elastic materials in which crack propagation occurs solely due
to the elastic dissipation of strain energy has been discussed in the preceding text. In such a
material the stress-strain relationship is linear until fracture. In a material such as the S/S

products being considered, other mechanisms of energy dissipation will occur.

In most materials some plastic deformation will be expected to occur prior to gross fracture.
Equation (5-11) predicts infinite stresses at the crack tip where r=0. In practice this indicates
that the yield stress of the material, cy,’is exceeded and plastic deformation occurs around the

- crack tip in a “plastic zone”. The size of this zone can be estimated from evaluating oy at 6=0.

From equation (5-11):
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2
o - Ko o r=——1—( Kj (5-34)
Y anr 2T\ Oyy

The limiting or yield stress is reached when 6y = oy. The material then deforms which will
mean a reduction in the load-carrying capacity of the material in the region of the crack tip. In

response to this yielding the elastic field in the region of the crack extends, so that the size of the

plastic zone doubles, giving:

2
= l[K) (5-35)

It is this equation which is used to calculate the radius of this plastic zone using K¢ as

determined in the three point bend test and oy as determined in the spherical indentation tests.

Further to exhibiting energy dissipation via plastic deformation, other strain energy dissipation
mechanisms are expected in agglomerate materials such as hardened cement pastes, particle-
binder mixtures and S/S products. A uniform energy distribution will not be expected. Hardened
cement paste (hcp) and concrete are both two phase materials, with strong particles dispersed in
a weaker matrix. In the case of hardened cement paste the strong particles of unreacted cement
are dispersed in CSH, while in concrete the aggregates are dispersed in the weaker hardened
cement paste [Mindess (1983)]. Strain energy will be distributed to different extents in these
two phases which may allow for failure of one phase prior to the other. As in the case of cement
pastes, microcracking due to flaws around the crack tip and at phase junctions will be expected

[Grudemo, (1979)].

For materials which exhibit energy dissipation via other mechanisms than elastic fracture such
as microcracking described above, the graph of fracture stress vs inverse of notch length is
expected to be of the form shown in Figure 5-14. To account for non-recoverable energy
dissipation prior to gross fracture, a number of researchers have suggested and used the concept
of an effective crack length or process zone in the energy balance equation for the interpretation
of fracture behaviour [Xu et al (1995), Mullier (1991), Adams et al (1989a), Mullier et al
(1987)]. By this approach an increment to the notch length, Aa, is added to the actual notch
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length, a. This represents the sum of any natural flaw size due to particle packing effects, a
microcracking zone which takes into account energy dissipation processes such as
microcracking and microscale repacking effects (this not very sensitive to composition or voidal
variations), and the plastic deformation zone, rp [Adams et al (1989a)]. Such an analysis
technique is advantageous in that it provides an easy to use tool to make allowance for total
energy dissipation prior to failure, regardless of the mechanism, for a wide variety of systems.
The ‘black-box’ approach, in which all energy dissipation prior to fracture is accounted for by
one parame’ter, has the disadvantage that the different individual mechanisms of energy

dissipation cannot be isolated.

The effective crack length (@ ), which is the sum of the introduced crack (a) and the notch
length increment, Aa, is then used in the energy balance equation. The measured values of E, K,
and G, are noted by Adams et al (1989a) to be sensitive to porosity. No further record is given
of how to quantify these effects, but agglomerates prepared for testing account for these effects

by ensuring consistent compaction of material during sample preparation.

Of

1/a

Figure 5-14 - Expected Stress-Strain Plot for Material Showing

Plastic Deformation or Microcracking

Kjc is now a function of (a+Aa) as follows:

K. = Yo /n(a+ Aa) (5-36)
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and G is now given by 2y + y,,, where v, is a term introduced to account for the energy

dissipation described.

Adams et al (1989a) present an iterative graphical procedure for calculating the value of Aa and
K,c. A number of sample specimens with different notch lengths are tested using the triple point
bending test as described previously. According to equation (5-13), (csz)2 vs 1/a is plotted,
using the inserted notch length a in the calculation of Y and 1/a. For samples with a significant
process zone, this graph shows a marked curvature. The initial slope is used to calculate a first
estimate of Ky, Kic'® by:

Ki@=(r slope)"” (5-37)

This is substituted into equation (5-36) above, using an estimate value of Y = 1.12n" being
that of a surface crack in a semi-infinite plate, and the value of o;for an unnotched bar to give a
first estimate of Aa, Aa". The next step is to plot (o'fY)2 vs /2 D where 3" =a+ 22 and Y
=Y(a (l)). KIC(I) is calculated from the slope of this graph. This value of Kxc(l) and Y = Y(Aa(]))
and the fracture stress of the unnotched bar is used to calculate a new value for Aa, A, AaV is
used to calculate @ ® and Y(a (2)). (osY(a (2)))2 vs 1/a Pis plotted and KIC(Z) determined from
the slope. The process is repeated until K,C("+l)= KIC("), or until the slope of the plot shown in
Figure 5-14 gives the best linear fit. Adams et al (1989a) suggest that five to eight iterations are
usually requifed. The final value of a is used in the calculation of G,. A discussion of the

statistical analysis of the results follows below.

Mullier (1991) found, however, that the use of the unnotched bar in the calculation above gave
high values of 1/Aa, or small inherent process zones for the unnotched bars. This significantly
biased the fit of her data in such a way as to lower the calculated value of K;-. Mullier presents
no explanation for this observation, but excludes the unnotched bars from further calculations.
Only fracture stresses of samples with notches of between 0.8 and 5.1 mm, which equated to
samples of a/W between approximately 0.04 and 0.255, were used in her calculations. For each
succeésive iteration, a set value of 0.1mm was added to Aa until the best fit of the data was
obtained. The next step in her analysis was to iterate this value by smaller increments down to

0.01mm until once again the best fit was obtained. The final value was taken as Aa. In the work
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of Mullier it was found that some samples showed no improvement in linear fit when Aa was

introduced. This observation was attributed to experimental error.

5.9.9 A Review of Published Studies on LEFM techniques Applied to Agglomerates

A summary from the literature of experimental work using LEFM to determine the strength of

agglomerate-type materials is presented in Table 5-2.

Table 5-2 - Literature Reports of LEFM results Applied to Agglomerates

Researcher  Description of solids Constituent Plastic Zone Process Zone
Particle Sizes Size (um) Size (um)
(nm)

Adams (1985) Sand and PVP binder 180-250 " ot reported 900"

Adams (1989a) Sand and PVP binder 60 notreported  1201°

Mullier (1991)  Sand and 45-180 3 to 1307* 750 to 2150"
PVP binder 180-250 9 to 644 550 to 2230"

Xuetal (1995) Moist coal powder 10.4 not reported 93 to 659"
compacts

*Determined via Spherical Indentation test
'Determined via Three Point Bending Test

*Found using a cantilever test rig

From these results it can be seen that the reported plastic zone sizes range from 0.03 to 11.6
times the average particle size, while the process zone size (which includes the plastic zone)
ranges from 2.6 to 63 times the average particle sizes. Furthermore, as the average particle size

in the agglomerate increases, both the plastic zone and process zone sizes appear to increase.

Mullier (1991) observed that the plastic zone size increases with both binder concentration and
binder molecular weight. For low binder concentrations or binders with low molecular weights,
the plastic zone size was of the order of the size of the binder bridges which were observed by
Scanning Electron Microscopy (SEM). As the binder concentrations and molecular weights

increase, the size of the plastic zone extended over several particle diameters, which was taken
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to imply that the plastic zone is not restricted to a single binder bridge. This is in line with
suggestions by workers such as Davies (1949) who stated that the distribution of stresses into
the solid is not limited to the point of contact between an indenter and the solid and extends

through the solid for a finite distance.

In the case of the S/S products here, this would suggest that an increase in the concentration of
binders in the solid, shown previously to be mixing water and cement hydration product, would
increase the size of the plastic zone. Furthermore, assuming the ratio of plastic zone and process
zone sizes to particle size in the S/S products will be similar to those in the work of Mullier
(1991), the size of the plastic zone for the S/S products will lie roughly between 0.01 and 30 um
and that of the process zone between 4 and 48 um. It is recognised that the assumption that the
ratios of plastic zone and process zone sizes are similar to those of other workers has no real
basis, but its use does provide an indication of the order of magnitude of process zone sizes

expected in the S/S products.

In the study by Xu et al (1995) powder compacts with low water content showed no plastic
dissipation of energy. As the water content was increased from 0.1% to 0.3% (by wt of liquid to
solid) some degree of plastic deformation was observed. This is attributed to the formation of
liquid bridges in the capillary gaps at high water contents. The presence of these large bridges
allow for greater deformation pﬁor to rupture. The authors suggest that, although these bridges
exist at low moisture contents, they are likely to allow only limited particle-particle separation
before fracture occurs. The increase in water content also led to an increase in fracture
toughness. The observations of Xu et al are thus in line with those of Mullier presented above:
an increase in binder content increases the degree of plastic deformation and the fracture

toughness of the agglomerate.
5.10 Results of the Indirect Tensile Test (ITT)
The ITT was carried out on S/S products made from both the FeCr Dust and ETP filter cake.

The aim of these tests was to

(i) characterise the strength of the materials in terms of a macroscopic strength parameter
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(ii) provide an indication of the effect of the operational variables cement content, water to
solids ratio and curing time on strength.

(iii) to identify a relationship between strength measured via the ITT and that measured via
three point bending. Such a relationship has the potential to allow the use of an easy-to-obtain
strength tool to predict a fundamental strength parameter (Ky0)-

(iv) Strength has been seen previously to depend on both physical nature of the aggregate
(particle size, surface texture) and the chemical composition of the mixing waters and
aggregates/ wastes. The ETP was observed to be finer than the FeCr Dust, finer particles
resulting in lower strengths of cements (see Chapter 2). Chemically, the ETP products are
higher in Fe and Ca (primarily as Ca(SO,)) and contain no Zn. The differences in both
chemical and physical nature of the two waste products would thus suggest different strength
behaviour. It was aimed to thus determine how physical size and chemical composition affect

strength for these S/S products.
5.10.1 Experimental Determination of Tensile Strength

Material for unconfined strength tests was formulated and mixed in the manner described in
Chapter 3. The cylindrical moulds used for the material were 32 mm in diameter and
approximately 90 mm in length. The moulds were filled with the fresh mixture to between 60
and 75 mm height in order to give cylinders with length to diameter ratios of approximately 2 as
required by the standard testing procedures. These cylinders are recognised to be smaller than
the USA standard cylinder of 305 mm height by 152 mm diameter. A shortage of waste product
required using smaller amounts of material in all tests and hence the smaller cylinders used [PCI

(1986)].

After curing for various periods of time the samples were subjected to the indirect tension or
splitting test on an Instron 5567 materials testing rig fitted with a 5 kN load cell (see Figure 5-
15). The nominal rate of displacement of the moving crosshead was set at 0.5 mm/s. This is
much lower than that required by traditional concrete testing standards such as the SABS 863
Standard method for testing of Compressive Strength of Concrete which requires a rate of |
loading of 0.25 MPa/s. The low strengths of the materials at hand, however, required that a

lower rate of loading be used.



Material Strength and Fracture Mechanics 135

Moving Crosshead
I |
Cylindrical
Sample
L Il
Fixed Platen

Figure 5-15 - Configuration for the ITS

The effect of rate of loading on measured strength of concrete is shown in Figure 5-16 [PCI

(1986) ]. Standard control tests are usually considered as static tests. As the rate of loading

becomes large compared to the velocity of stress waves through the concrete, dynamic effects

due to inertia become important and increase the observed strength. Should the same apply for

S/S products, the strengths determined in the tests presented previously may be underestimated.
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Figure 5-16 - Effect of Rate of Loading on Measured Strength of Concretes [PCI (1986)]

The load at which a sample fails (the "critical load") is seen as a sharp drop in load on a plot

of the applied load vs crosshead displacement. The tensile strength, o, is calculated by:
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5 =22 | | (5-38)
‘" DL ‘ '

where P = Failure Load (kN)
D = diameter of sample (m)
L = length of sample (m)

5.10.2 Trends Highlighted by the Indirect Tensile Test

The ITS of the solidified waste products was observed to be dependant on a combination of
the water to solids ratio, cement content and curing time. The interaction between the
variables is explored further by means of a factorial design in Chapter 8. The following

comments are presented here.

Table 5-3 provides ITS results for selected samples of solidified Ferrochrome Smelter Dust
(FeCr Dust) and the metal hydroxide-containing precipitate from a wastewater stream (ETP).
These samples represent a number of different operational variable values (cement, w/s and

curing) within the range of interest in this thesis as defined in Chapter 3.

Table 5-3 presents ITS results for selected samples of solidified FeCr Dust and the metal
hydroxide-containing precipitates from a wastewater stream (ETP 1 and ETP 2). The effect of
type of waste on strength is discussed in (a) below. In Table 5-3 ITS results are presented for
a number of different values of the operational variables. The effect of the operational

variables on strength is discussed in (b) which follows.
The following is highlighted from Table 5-3:
(a) Overall Strength of the Materials

In order to compare the strengths of hardened cement pastes agéinst literature reported values,
the work of Wright (1955) was used. He found the compressive strength of cubes to be
approximately 14 times strengths of cylinders of concrete measured via the ITT. Using this
conversion factor for hardened cement paste (104 days curing) this would give a compressive
strength to the order o.f 56 MPa. Although réported compressive strengths for hcp vary
widely, the value of 56 MPa is in line with those reported in texts such as PCI (1986).
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Table 5-3 - ITS Results for solidified FeCr Dust and ETP Products

Material Type w/S Cement  Curing  Mean ITS
Ratio  Content (%)  Time (MPa)
FeCr Dust 0.9 20 104 0.465
FeCr Dust 0.94 26 35 0.353
FeCr Dust 0.94 26 58 0.361
FeCr Dust 0.94 26 149 0.386
FeCr Dust 0.99 20 28 0.178
FeCrDust 099 30 ~ 35 0453
ETP 1 1.18 20 28 0.139
ETP 1 1.18 20 49 0.198
ETP 1 1.18 20 70 0.197
ETP 2 1.1 20 49 0.312
ETP 2 1.18 20 49 0.280
ETP 2 1.26 20 49 0.219
hep 0.36 100 8 T
hep”™ 0.36 100 104 4

*hardened cement paste
“These results are approximates. Available equipment could measure maximum break loads of 5 kN or 100 kN.

These samples failed under loads in between these values and these were therefore obtained from the 100kN

equipment which offers less sensitive results.

For comparison of the strengths of S/S products to regulatory requirements the relationship
between UCS and ITT as approximated by Wright was once again employed. Using this
conversion, all strengths reported in Table 5-3 are found to equate to compressive strengths of
greater than 2 MPa. The EPA and British Waste disposal authorities recommend minimum
strengths of about 50 psi, or 0.35 MPa [Arniella and Blythe (1990), Sollars and Perry (1990)].
This is based on the load at the bottom of a landfill 30.5m deep containing waste with a mean
bulk density of 1121 kg/m3. The S/S products in this work have a mean bulk density of
134Okg/m3 . Although this is slightly higher than 1121 kg/m3, it is suggested that the strengths

of the S/S products are well above the required minimums.
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Products made from the FeCr Dust appear, on the whole, to show higher strengths than those

from the ETP cakes. The following reasons are offered for this observation:

(i) The different chemical species in differing concentrations, may affect the chemistry, extent
of formation and strength of the cement hydration products. Of particular note is the much
higher amount of Ca in the ETP compared to the FeCr Dust (see Table 3-1 and 3-2): Ca was
used in the neutralization process responsible for the production of these dusts. Since Ca is a
product of the hydratioh reactions, an excess of Ca in the pore solution would reduce the
equilibrium conversion within the pores to CSH (see the reactions presented in Chapter 2)

and hence may be responsible for the reduction of strength.

(ii) Although a quantitative evaluation of the size distributions of the ETP products was not
carried out due to limitations in the capacity of available equipment at the time of this
specific experimental work being carried out, the ETP cake appeared qualitatively to be finer
than the FeCr Dust. The presence of fine materials was identified in the literature review of
Chapter 2 to have a deleterious effect on the strength of cements and is expected to have an

influence here.

(iii) The ETP cake products were made with higher water to solid ratios than the FeCr Dust
products. An increase in the water to solids ratio results in a decrease in strength of the

product [PCI (1986)].

Although all three of the above points are suggested to be of significance, it is suggested that
the greatest difference between the different wastes is in chemical composition, with the other
two points above (size distribution and w/s) being less signficant. Chemical composition is
thus suggested to be the overriding factor which determines the changes in strength from one

solidified waste to another.

(b) Effect of Operational Variables on Strength

While it is recognised that the operational variables have an interactive effect on strength (ie
the combination of variables relative to each other is important), all three operational

variables under investigation are observed to affect the ITS:
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(i) Curing Time - Increased curing times result in increased strengths. Cement curing has
been identified to continue for periods of up to a year [PCI (1986)]. Product strength is a
function of the extent of cement hydration. As hydration progresses, therefore, so the product

strength will increase.

(ii) Water to Solids ratio - A higher water to solids ratio will give a product which is more

porous and thus weaker. This trend is observed in Table 5-3.

(iii) Cement Content - The more cement which is present in a given sample, the more
hydration products which will be formed. Since these hydration products are the strength -
giving materials, a higher cement content will give a higher strength product, a suggestion

which is confirmed by the results in Table 5-3.

The observations are explored further using Linear Elastics Fracture Mechanics (LEFM)
techniques in the following sections. The interactive effect of the variables on ITS is explored

via a factorial design approach in Chapter 8.
5.10.3 Variability in ITS Results

Table 5-4 presents the variabilities of ITS results for three different sets of data expressed as

the coefficient of variation (standard deviation/mean)

The solidified ETP products (ie lime-based neutralization products identified in Chapter 3)
gave lower variabilities than the FeCr Dust products. The initial mixture is a combination of
unhydrated cement, water and solid waste material. The bonding in the initial mixture will be
dependent primarily on the liquid bridges between the particles, although some degree of
cement hydration will occur shortly after contact with water. Assuming the funicular or
capillary degrees of saturation due to the high water contents in this initial mixture, the
strength was shown previously to depend on the void fraction of the mixture. Although an
attempt was made to keep packing consistent by vibration of the mixture into moulds directly

after mixing, some variability in packing directly after mixing would still be expected.
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Table 5-4 - Variability in ITS Results

St Material Noof  W/S  Cement  Curing  Mean ITS _ Standard _ Coeff. of
No Type Specimens Ratio Content(%) Time  (MPa)  Deviation Variation
1 FeCr Dust 4 0.99 20 28 0.178 0.0505 28.1%
2 FeCrDust 23  0.94 26 35 0.353 00772 21.9%
3 FeCr Dust 8 0.99 30 35 0.453 0.1029 22.7%
4 ETP 1 6 1.18 20 49 0.198 0.0304  15.3%
5 ETP 2 6 1.18 20 49 0.280 0.0242  8.6%

As the cement hydrates, however, the void spaces between solid material (initially filled by‘
water) will be filled by hydration products which then become significant in bonding the
solid together. The void fraction of the assembly becomes less and therefore variabilities due
to packing effects will become less significant. It is suggested that increased curing times (of

the ETP vs the FeCr Dust) allows for greater infilling and hence lower variabilities.

Coefficients of variation presented in Table 5-4 are, on the whole, higher than those reported
in Wright (1955) for concrete prepared with river sand and gravel. In the work of Wright,
coefficients of variation ranged from 4% to 8%. This observation is attributed to the
differences in sample sizes used by Wright and those used in obtaining the results presented
in Table 5-4. Larger sample sizes, as used in the work of Wright, lead to lower observed

coefficients of variation [PCI (1986)].

The ITT provides a quick and economical test which allows for meaningful characterisatidn
of the effect of operational variables on strength, albeit that inherent variabilities in measured
results are high. Should a test with lower coefficients of variation be required to characterise
strength properties, however, it is suggested that another test method be used. Both sample

sizes and the type of test used affect the observed variabilities [PCI (1986)].
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5.10.4 Summary of Observations from the ITT

In summary, therefore, the ITT provides a tool whereby the macroscopic strength of S/S
products, and the effect of changing operational variables on this strength, may be
characterised. Strengths for all S/S products are suggested to be acceptable in terms of US

EPA regulations.

The ITT gives little information as to the exact mechanisms of fracture. To this end, Linear

Elastic Fracture Mechanics (LEFM) techniques are employed.
5.11 Linear Elastic Fracture Mechanics Approach to Strength Determination

The literature review section of this chapter provided the history and theory behind LEFM

testing. Here experimental techniques and resulits are presented.
5.11.1 Experimental Determination of K;- and G - The Three Point Bend Test

A number of tests are commonly used for measuring K- and G¢. British Standard 7448 (1991)
provides details of the three point bend test and compact tension testing. Brown and Srawley
(1966) show configurations of specimens with centre cracks, double edge cracks and samples in
four point bending. For non self-supporting solids, cantilever tests have been employed [Xu et

al (1995), Abdel Ghani et al (1990)].

* For the purposes of this work the three point bend test as shown in Figure 5-11 was chosen.
This test configuration is often favoured, especially for multiphase materials, since it is well
understood and samples are easily prepared [Xu et al (1995), Mullier (1991), Higgins and
Bailey (1976)].

For this work samples were formed in 120mm x 45mm x 20mm rectangular moulds using the
procedure described in Appendix B. A number of notched and unnotched samples were tested

for each formulation. Individual sample dimensions are presented in Appendix D1. On
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the day prior to testing, samples were notched using a bandsaw. The effect of this notching

method will be discussed later.

The distance between the supports, s, was set at 2.2 times the sample height, W, and the load
was applied at a constant rate of displacement of the crosshead of 0.08 mm/min. This is lower
than what was used in the ITT and works out to be lower than what is required by the British
Standard BS 7448 (1991). It was decided to use a low rate of loading to ensure that the failure

load detected was static failure and that dynamic effects did not come into effect.

The load vs displacement data were logged and the load at failure was obtained. After failure,
the length of the notch was measured to two significant figures on a millimetre scale using an

optical microscope.

In the three point bend tests, the stress responsible for fracture is taken to be an indirect stress as
applied at the ends of the sample across the entire height as indicated by o in Figure 5-17. A
representation of the envisaged stress lines in such a sample is also shown in Figure 5-17.
According to this representation, the fracture stress, oy, as given in equation (5-13) for a three
point bend test is calculated using simple beam theory [Lawn and Wilshaw (1975)]. This

analysis gives a value of:

3P (5-39)
o T ow?

where P is the load at fracture divided by the width of the bar, B (kN/m)

s is the distance between the supports (m).

J Applied Load P

F' Y
y

Figure 5-17 - Stress Lines in a Notched Specimen under Indirect Tension
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5.11.2 Acceptable Test Configurations to ensure Plane Strain Failure
In accordance with the discussion in section 5.9.3, specimen dimensions in the triple point
bending test must ensure that the sample fractures in plane strain. The following table provides

suggestions by various texts as to valid specimen dimensions to ensure that plane strain occurs:

Table 5-5 - Valid Specimen Dimensions for Plane Strain Fracture

Text Valid Specimen Dimensions
British Standard 7448 (1991) a, (W-a), B > 2.5 (K;c/Oys)’
Adams et al (1989a) B, W2 2 2.5 (Kic/oys)
Mullier (1991) a, B, W22 2.5 (Kic/oys)
Brown and Srawley (1966) a,B 2 2.5 (K;c/Oys)

Furthermore, British Standard BS 7448 (1991) requires that the value of a/W lie between 0.45
and 0.55. No information is available as to how these numbers were chosen. Brown and
Srawley (1966), however state that “ there is no reason why smaller values could not be used in
special circumstances provided there is adequate crack length”, ie that the notch is long enough

that plane strain fracture is ensured.

The above relationships are based on experimental data [BroWn and Srawley (1966)]. If one
takes the requirements for crack sizes in the British Standard into account, it is seen that the
requirements of this work and those of Mullier (1991) and Adams et al (1989) reduce to
approximately the same with respect to W and B. In this current work with S/S materials the
requirement of a, B, W/22> 2.5 (KIC/GYS)2 will be satisfied. Although this provides a minimum
test configuration, British Standard 7448 (1991) recommends that, where possible, larger test
pieces should be used . This is to take into account uncertainties such as the underestimation of

Kc and the possibility of the test not meeting some of the other safety criteria.

Brown and Srawley (1966) recommend that a/W be less than about 0.5, since the geometrical
correction factor Y=f(a/W) increases rapidly after this point. This implies that a small error in

the measurement of a has a large effect on the calculated K value.
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Furthermore Brown and Srawley (1966) recommend that s/W is not less than 4. This is to avoid
errors resulting from specimen indentation and friction at the supports. In the case of the work
presented here, this requirement has not been satisfied and may be cause for error. This is

discussed later.
5.11.3 Y, the Geometrical Correction Factor

A number of different workers have presented empirical equations for the value of Y, the
geometrical correction factor depending on the configuration of the test. In this work a three
point bend test was chosen. The reason for the choice of this test include the ease of |
implementation of the test and preparation of samples. Furthermore, the traditional linear elastic
approach to analysis of results from this test has been extended successfully to describing the
fracture of agglomerate materials [Mullier (1 991), Mullier et al (1987), Adams (1985)]. The
equations suggested by Rooke and Cartwright (1976) and Brown and Srawley (1966) and used
by Mullier (1991) and Higgins and Bailey (1976) for this configuration are:

Y = 1.09 - 1.735(/W) + 8.2(a/W)’ - 14.18(2/W)’ + 14.57(a/W)* for s/W = 4 and (5-40)
Y = 1.107 - 1.552@/W) + 7.71(&/W)? - 13.55(@/W)’ + 14.25(a/W)" for s/'W = 8.
where a is the notch length, W is the height of the sample and s is the distance between the

supports (see section 5.11.1 and Figure 5-11).

It was found in preliminary investigations that samples used in this work were not self-
supporting for values of s/W suggested by other workers. For this reason, a value of s/W of 2.2
was used - chosen as being the maximum for which the samples were self-supporting. The

equation for Y was obtained by extrapolation and was found to be given by:

K, = (1.08 -182(a/ W) +845(a/W)? —1455(a/ W)* +148(a/ W)“) (5-41)

where K is given as in equation (5-11).

Equations (5-40) and (5-41) are presented graphically in Figure 5-18. Based on Figure 5-18,

where it can be seen that the plots for the three values of s/W are of similar shape and lie close
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together, it is suggested here that the extrapolation which results in equation (5-41) provides an
accurate equation for the value of a/W for s/W=2.2.

Q s/W=22
g siW=4
sM=8

0 0.1 0.2 03 04 05 06

Figure 5-18 - Plot of Y values for Different Values of s/'W

5.11.4 Prediction of Notch Stability

Criteria for determining the conditions under which notch propagation would occur were

presented in section 5.9.5. Equation (5-27) showed that for notch propagation to occur:

—dé (5-27)
d(a/W) . .

Furthermore, unstable propagation occurs when:

d) + —‘2—" >1 (5-28)

Plati and Williams (1975) provide values of ¢ vs a/W for values of s/'W=4, 6, 8, 10 and 12.
These values are presented graphically for s/'W = 4, 6 and 8 in Figure 5-19. In the experimental
work reported in this thesis, s/W was set at a value of 2.2, as this was the value at which
samples were found to be self-supporting. Using the values ﬁresented in Plati and Williams, ¢

was determined for this s/W via linear interpolation.
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Figure 5-19 - Values of ¢ for s/'W=4, s/W=6 and s/W=38

The curve for -d ¢/d(a/W) was determined using the central difference method. Figure 5-20
presents a plot of ¢, ¢+a/W and -d¢/d(a/W) for s/'W =2.2.
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Figure 5-20 - Plot of ¢, $+a/W and d¢/d(a/W) fér sS’'W=22
A horizontal line is drawn on Figure 5-20 where ¢ and - d¢/d(a/W) = 1. According to
equation (5-27), stable fracture occurs for all values of a/W which lie to the right of where
this line intersects the plot of -d¢/d(a/W) (ie where -d¢/d(a/W) < 1). For these values

additional energy is required to be added to the system for further notch propagation to occur.
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Similarly, according to equation (5-28), unstable fracture occurs where ¢p+a/W is greater than

1, ie to the left of where the horizontal line intersects the curve of ¢+a/W.

In the zone lying between these two values, notch propagation will initially be unstable, but
crack arrest will occur when notch reaches a length such that -d¢/d(a/W) =1. Such failure is

known as semi-stable fracture.

Using the above analysis, unstable fracture occurs for cases where /W<0.038, semi-stable
fracture for 0.038 < a/W < 0.184 and stable fracture for a/W > 0.184. For bars of height 43
mm (the average of those used in this work) this equates to a<l.6mm, 1.6mm<a<7.9mm and

a>7.9mm respectively.

A number of bars with different notch lengths were tested to see whether the predictions of
the stability of fracture were valid. The force-deflection plots, presented in Figure 5-21 were

examined and compared to Figure 5-10.
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Figure 5-21 - Applied Load vs Displacement
for a Number of Different Notch Lengths

Table 5-6 presents the predicted and observed modes of failure for a number of samples.
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Table 5-6 - Predicted and Observed Failure Modes

a a/W — Predicted failure mode Observed Failure Mode

0 mm 0 Unstable Unstable
1 mm 0.02 Unstable Unstable
50mm 0.12 Semi-Stable Unstable
10.1 mm 0.23 Stable Unstable
19.1mm 0.44 Stable Semi-stable

30,1 mm 0.7 Stable Stable

It can be seen that as notch length increases the failure mode tends to greater stability as
would be expected from theoretical prediction. Predicted and observed modes of failure do
not always correspond. The stability of fracture can be affected by other factors including the
composition of the sample. In Mullier’s work (1991) as binder concentration was increased
failure tended towards becoming increasingly unstable. It was thus deduced that other factors
have an effect on notch stability and the predictions provided in equations (5-27) and (5-28)

require experimental confirmation.
5.11.5 Critical Stress Intensity Factor, K,

The calculation procedure for calculating K;¢ was outlined in section 5.9.2 and 5.11.1. In
summary, the fracture load is identified as a peak on a plot of load vs displacement. The

fracture stress is calculated using equation (5-39) and Y, the geometrical correction factor
from equation (5-41). In accordance with equation (5-13), the fracture stress vs inverse of

* notch length is plotted. A plot typical of those found in this work is presented in Figure 5-22.
5.11.6 Statistical Analysis of Results

To determine a “best fit” straight line to data, a least squares approach as detailed in texts such
as Miller and Freund (1985) and Topping (1965) is used, where a linear equation of the form
y=mx + ¢ is fitted to the data. If the ith residual, d; is given by:
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di=mx;+c-vy; (5-42)
then the sum of diz is minimised to give the best fit of the straight line equation by changing m

and c.
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Figure 5-22 - Typical Plot of (csz)2 vs 1/a

The coefficient of correlation, r’, of the least squares fit provides an indication of the accuracy

of the fit and is given by:

. =( Sy J (5-43)
S .S

r* lies between 0 and 1, with r’=1 representing a perfectly linear fit. The best fit is taken to be
that which gives the highest r* value. In the above equation, s, and s, are the sample variances in

x and y and are given by:

X

g 2% $ = 20-9° (5-44)
n n

and s, the covariance:
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_ Z(x—i)(y—?) ' (5-45)

Xy n

where n is the number of data points. These calculations can all be performed using the built in

functions in MS EXCEL spreadsheeting package.

According to equation (5-13), Kic is calculated from the slope of a plot of the fracture stress vs
notch length:

Kyc= (mm)"” (5-46)
where m is the slope of the graph.

The error in the calculated gradient is used to calculate the error in the calculated value of K¢ as

follows:

The standard error in the fit of n points is given by:

(5-47)

The “loss” of the two degrees of freedom is explained by the fact that the two coefficients m and
¢ in the linear equation are replaced by their least-squares estimates. The standard error in the
gradient, o, which is based on the standard deviation of a normal distribution of the errors, is

related to a by:

QN
QN

2% (5-48)

=1
>

where A=n2x2-(2x)2. A simple error analyéis (see Topping (1948)) predicts that the fractional

. . 2
error in K¢ is given by a,,/2K;¢".
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5.12 K, Results

Due to the time consuming nature of LEFM testing, it was decided to focus on the FeCr Dust
products for the LEFM analysis. Part of the aim of this work is to develop a relationship
between K, the stress intensity factor, and the ITS. This is discussed in section 5.15. Should
such a relationship hold, it can be used to predict the K¢ results for the ETP products from ITS

results. This is discussed further in Chapter 8. The discussion which follows, therefore, refers

only to the solidified FeCr Dust products.
5.12.1 Observations on the Plot of (crfY)2 vs 1/a

A typical plot of (crfY)2 vs 1/a for the solidified FeCr Dust products is presented in Figure 5-
22. The straight line through this plot is a linear regression for the data. For notch lengths of
greater than 5 mm (equating to a value of a/W of approximately 0.11), a linear relationship

between fracture stress and the inverse of notch length was observed. The linear relationship
is discussed further below. Details of the results on notch length, sample sizes, fracture load,

fracture stress and K¢ for all samples are presented in Appendix D1.

An attempt was made to further linearize these plots for all experimental data in accordance
with the discussion presented in section 5.9.8. In Table 5-7 the effect on r° of introducing
various values of Aa in to the calculation is shown. It can be seen that as Aa is increased, little
effect on 1’ is initially seen. As ri becomes larger, the goodness of fit is reduced. The iteration
process described for resolving the size of the process zone thus shows no application in

improving the fit of data for the work presented in this thesis.

Table 5-7 - Effect of da on linear fit of (o'fY)2 vs 1/a showing 1 as a function of Aa

Sample Details Aa
Cement (%) w/s Curing 0 0.01 0.05 0.1 0.5
20 0.9 104 0.990 0.990 0.990 0.990 0.989
20 0.99 89 0.946 0.946 0.945 0.943 0.932

75 0.86 104 0.994 0.994 0.994 0.993 0.992
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According to the discussion of the work by Xu et al (1995), Mullier (1991), Adams et al
(1989a) and Adams (1985) presented in section 5.9.8, the linearization technique is used to
account for the process zone during calculation of Kj¢. This zone is the sum of a plastic
energy dissipation zone and a zone in which processes such as microcracking accounts for

energy dissipation prior to fracture.

In the work of the abovementioned researchers, process zones (the sum of the plastic zone
and a zone which allows for energy dissipation due to microcracking) were identified which
lay between 2.6 and 63 times the average particle size. Considering that the FeCr Dust and
cement particles in the S/S products are all extremely fine (mostly < 2um), a rough
calculation based on previous workers calculations would predict the process zone size to lie

between 5 um and 126 pm.

Notch measurement after fracture was to two decimal places on a millimeter scale. This
would not be sensitive enough to characterize a process zone in samples prepared from
primary particles. Discussion of the process and plastic zone sizes is continued in section

5.14.

Furthermore, the effect of the method by which samples were notched will affect the
observed results. Initially an attempt was made to insert a blade into the fresh mixture prior to
hardening. In this way a ‘sharp’ notch would be ensured, and there would be no problems
associated with fatigue during poét-setting notching. It was found, however, that most
samples broke on removal of the blade. For this reason it was necessary to notch after
samples had hardened. Notching was done using a hardened steel bandsaw. It is recognised
here that this does not result in a perfectly sharp notch and has the potential to cause
microcracking ahead of the notch tip during notching. This microcracking may have been
observed as permanent deformation prior to gross fracture during loading in the three point

- bend test. Hence permanent energy dissipation which should have been observed during

testing occurs during sample notching.

Finally, cement which has been well mixed and vibrated will still contain air bubbles

[Popovics (1982)]. Air bubbles were observed at the fracture surface of the S/S products.



Material Strength and Fracture Mechanics 153

These air bubbles may result in stress concentration and dissipation at sites away from the

notch tip, thus causing a ‘masking’ of any process zone.

Contrary to what is predicted by equation (5-13), the regression lines such as that shown in
Figure 5-22 do not pass through the origin. Inherent variability in the fracture loads of the
samples used in the three point bend test was found to lie between 5% and 30%. This inherent
variability in the fracture loads of the materials is suggested to be responsible fbr the
regression lines not passing through the origin. This behaviour was observed by Mullier
(1991). Force fitting the lines through the origin increases the calculated values of K¢ of the

various samples by between 2% and 11%.
5.12.2 Experimental Results

Table 5-8, Table 5-9 and Table 5-10 show the effect of cement content, water to solids ratio
and curing time on K;¢. It should be noted that in the case of increased cement contents, the
water to solids ratio was decreased as the cement content increased in order to obtain a
workable paste. Trends in K¢ observed in Table 5-8 will be as a result of a combination of

changes in cement content and w/s.

Presented alongside the K¢ results are the r* values for the linear fit of the (csz)2 vs 1/a data
and the error in the calculation of K¢ from the slope as detailed in section 5.11.6. Details of

sample sizes, fracture loads and éalculation data appear in Appendix D1.

Table 5-8 - Effect of cement content on K

Cement wis Curing time  K,c (kN/m™) 100r° 1000,
(%) (days) 2K
20% 0.99 104 59.5 77.8 49 .
50% 1.12 104 71.0 78.1 6.0
75% 0.86 104 123.7 99.4 1.0

100% 0.36 104 418.2 89.3 3.9
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Table 5-9 - Effect of w/s on K¢

Cement wis Curing time K 100r” 100a,
2KfC
20% 09 104 628 . 99.0 1.1
20% 0.99 104 59.5 77.8 4.9
20% 1.08 104 39.2 95.9 - 23

Table 5-10 - Effect of curing time on K;¢

Cement  wis Curing time K 100r” 1000,
2K 2
20% 0.99 28 32,5 99.5 0.8
20% 0.99 89 50.2 _ 94.7 14
20% 0.99 104 59.5 77.8 49

20% 0.99 180 796 99.2 1.0

The effect of the operational variables on K| is discussed in sections 5.12.3 to 5.12.5, while

the 100r* and IOOoca/2KlC2 results are discussed in section 5.12.6.
5.12.3 Effect of Cement Content on K,

As expected, K¢ increases as the amount of cement in a given sample increases. Strength
formation within the S/S producté is as a result of a combination of the bridges formed by
water and those formed by cement hydration product. Rumpf (1962) suggests that solid
bridges are generally higher in strength than liquid bridges and hence will be more significant
contributors to overall strength. The more cement which is present, therefore, the more
hydration product formed and hence theoretically the stronger the structure. MIP results,
presented in Chapter 4, showed that, as the amount of cement is increased, so the total
porosity and average pore size decreases. SEM microscopy results, presented in Chapter 4

also showed a structure which appeared to be of greater integrity with higher cement contents.

Samples with less cement required a greater water to solids ratio to form a workable paste.

Although increasing the amount of water added to cement has been shown to lead to a more
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porous product [PCI (1986)], MIP results presented in Chapter 4 showed that the total
porosities of the S/S products ranged from 57% to 71%. Although these porosities are high, it
is suggested that the range in porosity between samples with different formulations is not
sufficient to result in the trend in strengths with cement content. The effect of differences in

porosity is therefore expected to be second order.

The following should also be considered: the water available for cement hydration in all dust-
containing products consists of both the residual water in the filter cake from dust washing,
containing high levels of metals, and added make-up water. The more cement which is
present, therefore, the lower the total concentration of dissolved salts and metals in the
mixing water. The 100% cement product was made with pure distilled water. High levels of
salts and metals in the mixing water have been shown to inhibit the setting of cement and
may reduce the strength of the cement product (see Chapter 2). An attempt was made to
determine the effect on strength of ‘doping’ the mixing water for hardened cement paste.
Auvailable strength testing equipment was fairly inaccurate at the strengths of these hardened
pastes and no conclusive statements can be made about the effect of the composition of
mixing water on strength. SEM/EDX analysis showed, however, that although the ‘doped’
mixing water did not chemically alter the cement hydration products, the density of the solid

structure was reduced due to the doping.

Lydon (1979) presents a summary of K¢ values determined by a number of different
researchers for pure hardened cement pastes determined by three point bending. These values
range from 130 to 320 kN/m*2. Grudemo (1979) suggests values of 150 to 450 kN/m*”?. The
result in Table 5-8 for hardened cement paste falls within the values suggested by these

reports.
5.12.4 Effect of w/s on K¢

An increase in the water to solids ratio results in a decrease in the strength of the material. A
higher water content results in both a more porous mixture and hydrated product. A higher

porosity implies more spaces unfilled by cement hydration product and filled with water.
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Bonds formed by liquids have been suggested by workers such as Rumpf (1962) to be weaker

than solid bonds. Based on this suggestion, the final product is expected to be weaker.

The effect of water content on the integrity of the cement product is reflected in the ITS
results shown in Table 5-3, MIP results presented in section 4.3 and SEM micrographs which
were presented in Chapter 4, all of which indicate a higher water content leading to a weaker

and more porous product.
5.12.5 Effect of Curing Time on K|

An increase in K¢ with curing time is observed. The explanation for this is in agreement with
that presented in the case of w/s ratio and cement content. Cement has been observed to
continue hydrating for periods of up to one year [PCI (1986)]. As curing proceeds cement
hydration products continue to form, providing the higher bonding strengths associated with

the products and at the same time reducing the pore spaces filled by water.

In Chapter 3 it was noted that samples for K, analysis could not be removed effectively from
their moulds in curing times of less than 14 days. To determine the development of strength
as a function of curing time during the early stages of setting, other tests for measuring K¢
should be used which will measure samples with much lower strengths. Such tests are

proposed in texts such as Xu et al (1995) and Abdel Ghani et al (1990).
5.12.6 Values of 100r” and (100 .,/2K %)

The coefficient of correlation, 100r%, as presented in Table 5-8 to Table 5-10 provides a
measure of the accuracy of fit of a straight line to the (cx'fY)2 vs 1/a data. A value of between
78 and 99 was obtained for all data. The accuracy of the linear fit is determined using simple
statistical tools such aé those presented in texts such as Miller and Freund (1985). For the

linear fit to be meaningful:

-196 <vn-3.ZOR vn-3.Z>196 (5-49)
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where n is the number of data points and Z is determined from r* from statistical tables, such
as that presented in Appendix E. The minimum number of data points and corresponding

values of I to ensure a meaningful correlation was calculated and is presented in Table 5-11.

Table 5-11 - Number of Data Points and Values of * to ensure meaningful linear correlation

Number of Data Points Minimum r° Value

4 0.924
5 0.780
6 0.660

A comparison of the 1001 values presented in Table 5-8 to Table 5-10, the results presented
in Appendix D1 and the values shown in Table 5-11 indicate that only one correlation is
questionable. For the sample made with 50% cement and 1.12 w/s cured for 50 days, 4 data
points were used in the calculation of K;c. A value of r* of 0.924 is required to ensure an
accurate correlation, which is higher than the actual value of 0.781. All of the other results

indicate acceptable prediction of K;¢ from the slope of the linear plot.

It is seen that more data points ensure a higher a degree of confidence in the prediction. As has
already been discussed, an attempt to further improve the linear fit of the data using the

procedure outlined in section 5.9.8 did not increase the value of 1001,

The value of (100 aa/2Kcz) indicates the error in K, calculated according to the procedure
detailed in section 5.11.6. The values range from 0.8% to 6%. The variability results from a
number of different factors (i) the inherent variability in the fracture loads of the material due
to packing defects and inherent differences in extent of hydration between specimens in a
sample; (ii) errors in measurement of the notch lengths (notches were measured to two
decimal places (on a mm scale) on an optical microscope) and (iii) the calculation procedure

whereby K, was determined from the linear fit of the data presented in section 5.11.6.

These errors are lower than was observed for the ITS results, presented in section 5.10.3. The

differences in the test configurations are responsible for this observation. For the K| results,



158 Chapter 5

the sample is prenotched, resulting in a predetermined concentration of stresses which result in

fracture. In the ITS, however, non-uniform stress distributions due to inherent flaws (such as air

bubbles) result in higher variabilities.

The lower errors show that K,¢ provides a more accurate measure of the strength of the S/8
products than ITS, as was proposed at the beginning of this Chapter . It was observed
furthermore that the error decreased as the number of data points available for calculation

increased.
5.13 Results for E and G,

Since most samples failed by unstable propagation (see Table 5-6), only initiation values of
G, could be determined. This was done both experimentally using the area under the force
deflection curve (see section 5.9.1) and by calculation using equation (5-15). Both sets of
results, as well as values of the Young’s modulus, E, calculated from the slope of the linear

region of the stress-strain curve are presented in Table 5-12, Table 5-13 and Table 5-14.

Table 5-12 - Effect of cement content on G, and E

Cement wis Curing time G, exptl E G, calculated
(%) (days) Jim? MPa Jim?
20% 0.99 104 ' 58 + 32 200 + 27 19+3
50% 1.12 104 56+ 15 220 + 42 24+ 4
75% 0.86 104 64 + 25 831 £ 410 23+15
100% 0.36 104 382+72 7651412 304 + 194

Table 5-13 - Effect of w/s on G,

Cement (%) wis Curing G. exptl E G, cailculated
time (days) Jim? MPa Jim?

20% 0.9 104 99+28  356%66 132

20% 0.99 104 58 + 32 200 £ 27 19+3

20% 1.08 104 69+ 19 269 £ 48 9x2
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Table 5-14 - Effect of curing time on G and E

Cement (%) wis Curing G, exptl E G, calculated
time (days) Jim? MPa Jim?
20% 0.99 28 57 +29 217 £ 49 103
20% 0.99 89 42+ 16 307 + 81 9+2
20% 0.99 104 58 + 32 200 + 27 19+3
20% 0.99 177 32+9 229+78 13+4

5.13.1 Effect of Operational Variables on E

Cement content showed the greatest influence on E. As the cement content increased from
50% to 75%, E increases considerably. As has been discussed previously, as cement content
increases (and water content decreases) a stronger, more integral and less porous product is
formed. The pores are expected to be filled primarily with water. Since the bonds formed by
liquids are weaker than those formed by solids [Rumpf (1966)], the extent of deformation of
an agglomerate in which bonding is predominantly as a result of liquid bonds will be greater
than for an agglomerate in which solid bonding plays a more significant role for a given load.
The large difference between the value of E for 50% and 75% is explained, therefore, by the

greater extent of development of cement hydration products.

The other operational variables were also expected to affect the value of E. Bonding, and
hence the response of a material to strain, indicated by E, is expected to be a function of w/s
and curing time as reflected in the K, results. Contrary to expectation, however, no trends
could be observed. E is determined from the stress-strain curve, and hence the result will be
sensitive to sample surface irregularities, the precision of the INSTRON and inherent material
defects. Ashby and Jones (1989) confirm that the above method of measuring E can lead to
errors and large variabilities in the calculated values. They suggest the use of other methods

including the frequency of vibration of the material.
5.13.2 Effect of Operational Variables on G,

No trends are observed in the G, values in Table 5-12 to Table 5-14 as a function of the

operational variables for the S/S products. Since G, is a function of both E and K;¢, which are
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strong functions of the operational variables, it would be expected that G, would change as
the operational variables are changed. The high variability in G, results seen in the tables will,

however, mask any such trends which do exist.

Pure hardened cement paste (hcp) shows a significantly higher G, than do the S/S products.
SEM images, presented in Chapter 4, showed hep to be a far denser and completely dlfferent
solid structure to S/S products (see Figures 4-1 to 4-4 and 4-9 to 4-16) , the former which was
confirmed by MIP. Furthermore XRD showed the crystal structure of these solids to be
different, with Ca:Si ratios being 1.7 in the hcp and between 0.33 and 0.64 in the S/S product.
It is not known which of these two solid phases will be stronger. An agglomerate in which
there is a greater degree of solid bonding, however, will require greater energy to rupture the
bonds per unit area to create new surfaces than one which has a lower density of bonds. Since
G, is equal to twice the energy required for the creation of new surfaces, the increase in G, is

as expected.
5.13.3 Variabilities in E and G, Results

Both the E and G, results show a high degree of variability. As in the case of K, results are
subject to variations due to packing effects during moulding of the samples (human error) and
inherent differences in curing. Furthermore, the calculated value of G is determined using
equation (5-15), in which the values of K, from Table 5-8 to Table 5-10 are substituted.
Variabilities in K¢ values are thefefore carried forward into the calculation of G..

Variabilities are in line with those observed by Mullier (1991).

In calculating the value of G, use was made of E, whereas strictly speaking for plane strain
loading the Poisson’s ratio, v, should be used in the calculation. For porous systems v is
expected to lie between 0.2 and 0.3. It was found that introduction of such values bring about
an across the board change of between 4% and 9% in the calculated values of G. This change
is not responsible for the observed variabilities and is insignificant relative to the observed
variabilities in results. Should more accurate results be required the value of v needs to be

determined for these products and substituted into the calculation.
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5.14 Yield Stress and Plastic Zone Size

5.14.1 Experimental Technique

In the scope of this work, yield stress was determined using the configuration shown in Figure
5-12. The solidified FeCr Dust material remaining from the three point bend tests was used for
yield stress determinations. The results presented below show that the dimensions of these
halves were many orders of magnitude greater than the size of the plastic zone and the broken
specimens from three point bending were therefore suggested to be large enough to ensure that
the specimen sizes were not limiting in terms of edge effects. The radius of the indenter used
was 12.5 mm, chosen as being much greater than the average particle size in order to ensure that
the load was spread over many particles. The rate of crosshead movement was set at a nominal
value of 0.05mm/min. The slope of the linear region of the applied force - penetration distance

plot was determined and the yield stress calculated using equation (5-33).
5.14.2 Results

Table 5-15 and Table 5-16 show the effect of cement content and water content on the yield
stress of the material. In Table 5-16 the plastic zone size is calculated in accordance with the
discussion presented in section 5.9.8 using the values presented in section 5.12. An average of
5 readings was used in calculation of the yield stress. Yield stress testing was carried out near
the end of the experimental progfamme. Due to a limitation in the amount of waste material

available, tests to determine the effect of curing time on oy and rp could not be performed.

Table 5-15 - Effect of w/s on oyg

Cement wis Curing time  oys (MN/m®)
20% 0.9 340 33.03+3.10
20% 0.99 340 25.51+1.18
20% 1.08 340 20.37 + 3.30

20% 1.18 340 1425+ 1.95
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Table 5-16- Effect of cement content on oy and rp

Cement wis Curing time  oys (MN/m°)  rp(m)

20% 0.99 104 15.57 £ 2.26 nm

50% 1.12 104 4911 +497 (6.81+1.41) E-07
75% 0.86 104 69.66 +8.3  (1.05+0.31) E-06
100% 0.36: 104 175.80 £ 35.05 (1.99+0.91) E-06

Both Table 5-15 and Table 5-16 are presented graphically in Figure 5-23 and Figure 5-24.
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5.14.3 Discussion of Yield Stress and Plastic Zone Size Results

In section 5.12.1 it was shown that the three point bend test as applied in this work was not
sensitive enough to identify the existence of a process zone. The size of the plastic zone can
be determined via spherical indentation testing. The above results indicate that the plastic
deformation zone (which forms a part of the process zone) lies in the 10”° mm to 10™* mm size
range. In the work of other researchers identified in section 5.9.9, process zones were
identified which were up to two orders of magnitude greater than the plastic zone size using

techniques such as the three point bend test.

Notch measurements made after fracture in the three point bend tests were only made to two
decimal places on a mm scale. A process zone to the order of 10”mm (or indeed a plastic
zone of 10™* mm) would therefore not be detected from a graph of oY vs 1/a by the
procedure of section 5.12.1. This observation substantiates, therefore, the observation that the
three point bend test as used in this study is not sufficiently sensitive to resolve the size of the
process zone of the S/S products. Furthermore, it is suggested that the effect of such inherent

process zones on energy dissipation during loading is insignificant.

The coefficients of variation for the calculated yield strengths and plastic zone sizes were
observed to be high - up to 30% for some samples. In the calculation of r,, an average value
of K¢ from section 5.12 was used. Variability in K, will therefore affect the calculated value
of r,. Furthermore, since the indéntation occurs over a relatively small area of the sample
surface, mixing and hydration variabilities across the sample surface will contribute to the

high variabilities in r, and oys.

A number of observations can be made from the data presented in Table 5-16 and Table 5-15.
(a) Effect of Water Content on o,

The yield stress, 6y, is observed to decrease with increasing water content. As the water

content increases, the porosity of the material increases, with the pore spaces being filled with

water. In samples with lower water contents, solids density will thus be higher than in solids
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with higher water contents. Water in the pores of the solid is likely to be permanently
displaced under lower loads than will the solid structures themselves. The solids will thus
absorb energy elastically to higher loads than will more porous solids in which water fills the
pores and the latter solids thus show permanent energy dissipation or plastic deformation at

lower yield strengths.
(b) Effect of Cement Content on 6, and r,,

As the cement content increases (and the water content decreases) the yield stress increases.
The calculated plastic zone size is also suggested to increase. The effect observed here is a-
dual one. In (a) above, an increase in water content was shown to give a decrease in yield
strength. The higher cement contents have also been shown to reduce the porous nature of the
solid. The denser the “fibrillar” structure as a result of higher cement contents, the greater the
energy which can be stored elastically prior to permanent deformation. This explains the

observed increase in yield stress.

The plastic zone is a zone over which permanent energy dissipation occurs prior to fracture.
As the structure becomes more integral, energy can be distributed over a larger area. The
greater the area over which energy dissipation is occurring, the larger the size of the resultant

plastic zone.
5.15 Correlation between ITS and K¢

It has been shown here that both ITS and K| are a measure of the strength of the solids.

| While K;¢ provides a means of deducing accurate information on the mechanism of fracture,
and was found to give lower variabilities, the ITS is a quicker, easier and more economical
test to perform. It is therefore appropriate to explore the relationship between the ITS and K¢

and in this way use the ITS for predicting more fundamental strength parameter, K ¢

In the ITS, a sample is loaded such that the stress is distributed across a failure plane, the
length of which is the diameter of the sample. This implies that energy dissipation may occur

by elastic or plastic deformation or microcracking across the entire plane, prior to fracture.
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Gross failure in the ITS occurs when the bonds across the failure plane are stressed to beyond
their failure limit. Since bonds formed by solids are expected to be stronger than liquid bonds,
it is suggested that as the concentration of solid bonds increase across the failure plane (with

more cement, lower w/s and longer curing time), the higher will be the measured strength.

In the thrée point bend test, however, stresses are concentrated in a region close to the tip of a
notch in the sample. Similar pre-fracture energy dissipation mechanisms to those suggested in
the ITS may come into play. These will be confined to a region close to the notch tip.
According to the Griffith (1920) criterion for failure, the strain energy released at the notch
tip as the notch propagates provides the energy required for the creation of new surfaces.
Once again the energy required for the creation of these new surfaces will depend on the type

and extent of formation of bonds ahead of the notch tip.

Since both strengths are dependant on the concentration of bond-forming material, in the ITS
across the entire failure plane and for K, ahead of the notch tip, it would be expected that an
increase in ITS would imply a proportional increase in K;¢. A linear relationship between the

two parameters is proposed.

Figure 5-25 presents a plot of K;c vs ITS for the solidified FeCr Dust products. Error bars
fitted to the data are an average of the errors in results determined in section 5.10.3 and 5.12.
The plot excludes the samples made with 75% and pure hcp. It was decided to initially
exclude these two samples due to' the fact that low cement containing samples are of interest
in this work and the ITS of the higher cement samples were far higher than the rest of the
results. Their inclusion therefore diminished trends in the area of interest. Furthermore, the
high strength measurements were carried out on less sensitive strength testing equipment than

the rest.

Shown in Figure 5-25 is a linear fit to the data. The equation for the line is:

Kic =39.1 ITS + 54 (5-50)
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where K¢ is In KN/m*? and ITS is in MPa. The coefficient of correlation of this linear fit is
22%. Although the fit is poor, the error bars indicate that the variability in results is
responsible for the scatter in results and hence the poor fit of the line. The linear fit does not
pass through the origin, as it would be expected to. If the linear fit is forced through the
origin, a negative coefficient of correlation is observed. The slope of the line through the

origin is 188.4.
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Figure 5-25 - Correlation between ITS and K¢ (low strength S/S products)

An attempt was made to fit other types of curves to the data. The best-fit exponential, given

by the equation
Kyc =353 exp (0.67 ITS) (5-51)

gave a r° value of 23.9%, a slight improvement. It was, however, decided to continue to use

the linear fit since such a relationship is what would be expected.

A line with a slope of 188.4 was plotted through all the results, including those for the high
strength materials (75% and 100% cement). This plot is shown in Figure 5-26. The line
correlates closely with the best linear fit through all of the data, the latter having a slope of
196.3. While taking into account both the variabilities in ITS and K¢ results, and the

inaccuracies in the measurement of the high strength results, it is suggested that the difference
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between the slope given by the low strength results (188.4) and that given by all the results

(196.3) is relatively insignificant.
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Figure 5-26 - Correlation between ITS and K, (all results)

It is thus suggested that the ITS - K¢ correlation is good and may be used to predict K, a
more time consuming parameter to establish, from the relatively easier to determine ITS. The

relationship is suggested to be given by:
Kjc =x ITS, where 188.4 <x <196.3 (5-52)

Here K¢ is in kN/m*” and ITS is in MPa. A number more repeat tests will provide an

accurate value of X in this correlation.
5.16 Conclusions

5.16.1 Summary of Results

The strength characteristics of S/S products were reported and discussed in this chapter. It
was found that the ITS of the S/S products was significantly higher than those required by
statutory requirements. ITS results were suggested to be a function of all of the operational

variables investigated in this work.
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K,c was observed to be a strong function of cement content and water to solids ratio. It was
observed that K . will be related to both the extent of hydration of the cement and the

porosity of the end product which will in turn be influenced by these operational variables.

G, did not vary considerably between the various S/S products, and the high variability in

results was suggested to mask any trends which may have been expected.

The yield strength and plastic zone size once again were a function of the operational
variables which influence cement hydration and porosity. 6yg decreased with water to solids
ratio and increased with increasing cement content. r, increased with increasing cement

content.

A correlation was identified between the ITS and K¢ of the S/S products and it was
suggested that this correlation could be used to predict K ¢ provided sufficient repeat tests

were carried out.

5.16.2 Comments with Regards to the Fundamental Model

The model proposed in Chapter 4 suggested that the S/S product was an agglomerate of
particles held together by liquid in the pores and cement hydration product. From the results
of this current Chapter it was seen that all three variables of interes in this work (cement
content, w/s ratio and curing time) affect the strength of these agglomerates in that they
determine the porosity of the product and the extent of cross-linking of the cement hydration
products between the waste particles. Results presented here thus provide support for the

proposed model.

In Chapters 6 and 7 the chemistry of the agglomerates is studied using a variety of leaching
tests. Discussions and interpretations of results presented in Chapters 6 and 7 draw on the
results of the physical characterisations, and are used to further develop both the physical and

chemical model.



6.

Leaching I:
Batch Extraction Tests

The work presented thus far has focused on fundamental chemical (in Chapter 4) and physical
(in Chapter 5) characterisations of the S/S products. In this current chapter and Chapter 7,
responses of the products to a number of different leach tests are presented. Four distinct aims

of leach testing are identified in the context of this work:

(i) To assess the effectiveness of the S/S operation in reducing the mobility of metal species
from the waste products.

(ii) To provide information as to the containment mechanisms of metals in S/S matrices, and
in this way extend the chemical description of the S/S products developed in Chapter 4.

(iii) To predict the long-term leaching behaviour of, and the mechanisms controlling leaching
from, S/S products. This is included under the general term ‘leach modelling’. Results
from this section of work are further applied in the development of the chemical model.

(iv) To compare different combinations of operational variables to find an optimal treatment

strategy.

These aims are not unrelated but the complexity of the S/S products makes it impossible to
define a single laboratory-scale test procedure which can achieve all of the above aims

simultaneously [Wastewater Technology Centre (1990)].

This chapter starts with a summary of the proposed mechanisms of removal of metals from S/S
products which was explored in detail in Chapter 2. Literature reports of the use of batch
extraction tests are discussed and the results from such tests as used in this work are presented
and interpreted. These results satisfy aims (i) and (ii) above. In Chapter 7 leaching kinetics (aim
(iii)) is explored. In Chapter 8, optimisation of operational variables (aim (iv)) is investigated

using a factorial design approach.

In the choice of leach tests and the planning of an experimental procedure for leach testing for
both this Chapter and the following, a wide variety of tests was performed on a number of
different samples. At the outset of experimental planning it was recognised that less tests

procedures could have been used if a number of assumptions regarding the behaviour of the
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S/S products were made. Furthermore, the number of tests used in this work could have been
reduced using a factorial design technique. It was, however, decided to carry out the variety

and repetitions of tests presented in this Chapter to reduce any bias which would have arisen
by making such initial assumptions. The use of factorial design to reduce the number of tests

is explored further in Chapter 8.

Leach testing presented in the following three chapters explores the leaching of specific
cations from the S/S matrix. A study of the behaviour of anions is recognised to be equally
important in the development of a full picture of the behaviour of the cementitious products in
leach tests, due to the fact that anions play a role in determining ionic strength, conductivity
and the overall salt balance. The effect of anions, and their leaching behaviour is not

addressed in this thesis.

6.1.1 The Steps Associated with Leaching from S/S Products

The removal of metals or other species from S/S products is via liquid phase transport through-

and out of- the solid. The following steps in this removal process are identified:

(1) Removal of metals from the solid phase into the liquid phase. Metals sorbed to the solid
surface desorb into solution. In the case of metals precipitated as insoluble hydroxides, a
drop in pH or a change of the chemical equilibrium in the pores is required to resolubilize
these precipitates. This process is suggested to be rapid [Coté (1986)] and will be discussed
further in this chapter. Other metal complexes found in the pores can be resolubilized in the
liquid phase. For metals incorporated chemically in the cement hydration products, their
mobilization into the liquid phase requires chemical breakdown of these products.

(i) Transport of the dissolved metal species, as well as those metals originally solubilized in

the pore solution, to the surface of the solid (intra-particle diffusion).
(iii) Transport from the surface of the solid into the bulk liquid phase (external mass transfer).

(iv) Movement away from the solid in the bulk liquid solution, either via diffusion in the case of

a stationary fluid or via advective (bulk liquid) transport in the case of a moving fluid.

6.1.2 Summary of Metal Containment Mechanisms

In Chapter 2 the proposed mechanisms of retention of Cr and Zn ions in cement-based S/S

products were discussed. In summary, the following points were highlighted:

(i) Metals such as Cr(III) and Zn(II) were shown to be insoluble at intermediate pHs, with
solubility increasing with both an increase and decrease in pH. This is known as amphoteric

behaviour.
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(i) Cr(III) is expected to be found in the Cr(OH); form. Cr(VI) is soluble .over the entire pH »
range and is therefore expected to remain solubilized in the pore solution of the S/S
products.

(iif) Zinc was identified to be retained in one of two ways. The first suggestion is that it is
contained in the pore solution, either solubilized or as the insoluble hydroxide species.
Secondly, zinc ions may be adsorbed to the negatively charged surface of the cement
hydration products [Mollah et al (1993)]. As mentioned in Chapter 4, the existence of
negatively charged surfaces could not be confirmed for the specific products of this
investigation. No agreement has been reached as to whether this adsorption is reversible
over time. In Chapter 5 it was identified that the contribution of electrostatic forces to the
overall strength of the S/S products is insignificant relevant to liquid and solid bridges.
Although electrostatic interaction between Zn (or indeed other metal ions) and the solid
surface may have significance in metal retention, the contribution of electrostatic effects to
the ultimate strength of the product is minimal (see Chapter 5) and hence the statements of
Chapter 5 still hold.

(iv) Although several researchers have shown the release of metals from S/S products to be
affected by pH [Stegemann (1996), Heimann et al (1992), Roy et al (1992), Bishop (1986)],
pH will not be the only controlling parameter. Effects such as diffusion and complexation

also play a role. Chemical or physical retention effects will affect release.

Due to differing waste compositions and their effect on cement hydration, prediction of the
interactions within the S/S products, and consequently release mechanisms of contaminants
from the solidified products based on literature reports, is thus complex. Laboratory leach
testing is required to characterize release mechanisms for the individual products. In the
following sections it is shown how results from such leaching tests can be extrapolated to

provide an understanding of mechanisms of containment of metals in the products.
6.2 Batch Extraction Tests
‘Batch Extraction’ in the context of this work refers to once-off chemical extractions in which

the amount of a contaminant released in a specific test configuration is measured. Such tests

provide no information about temporal effects. Batch extractions used in this work include
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Pore Solution Extrusions, the US EPA’s Toxicity Characteristics Leaching Procedure
(TCLP), the Equilibrium Extraction (EE) and the Sequential Chemical Extraction (SCE).

Each of these is discussed in detail below.
6.2.1 Pore Solution Extrusions

As has been demonstrated in previous chapters, the S/S products are porous composites, the
pores spaces being filled with a liquid phase. To gain insight into retention and leaching
mechanisms associated with the S/S products, it is significant to characterise the fluid filling the
pore spaces. In the scope of this work, pore fluid extrusions were performed using a high
pressure device similar to that used for cements and concretes. Details of the design of this

device are presented in texts such as Barneyback and Diamond (1981).

A sample is placed into a confined chamber and pressure is exerted until liquid is extruded from
the solid through a collection device. The device is illustrated and discussed further in section
6.3.2 on page 179. The extruded liquid is collected, diluted where necessary, and sent for

analysis via Atomic Adsorption Spectroscopy.
6.2.2 Agitated Tests

In agitated tests, a sample of mate;ial is placed in a leachant solution and stirred, shaken or
mixed to promote contact between the waste and leachant. Agitation minimizes external mass
transfer resistances. The size of the material used in the tests is often reduced via crushing or
milling to increase the surface area for mass transfer and to reduce the path length over which

internal mass transfer occurs.

The Toxicity Characteristic Leaching Procedure (TCLP.) [Code of Federal Regulations
(1988)] is the most widely used leaching test to determine whether waste products, including
S/S end products, require disposal in landfills characterised as “hazardous™. This test is an
agitated batch test which has largely replaced the Extraction Procedure (EP) [Code of Federal
Regulations (1980)] used previously. Unlike the EP, the leachant used in the TCLP is buffered,

and therefore no adjustment of pH during the test is required. The TCLP can also monitor
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release of organics from the wastes using a special extraction vessel, called a Zero Headspace

Extractor.

A description of the TCLP as used in this work appears in Appendix A2. In summary, a crushed
sample of S/S product (<9.5 mm) is agitated in a leachant solution for 18 hours. The
composition of the leachant used depends on the pH and buffering capacity of the sample. For
alkaline products the leachant is a 1.0 N acetic acid solution. For acidic products NaOH is added

to the leaching solution as a buffer.

Although this test is widely used as a ‘pass-fail’ criterion for wastes and solidified products
requiring disposal to hazardous landfill, it has come under wide criticism for several reasons.
Firstly, the test makes use of a crushed material in which the surface area available for leaching
is increased and the path for diffusion of the species is decreased over the monolithic structure
expected in landfill. Secondly, the choice of leaching medium is debatable. Initially the choice
of acetic acid as a leachant was based on the fluid which would be expected in a landfill should
the waste be co-disposed with domestic waste products. In practice, co-disposal of hazardous
with domestic wastes is uncommon. It would be more likely that liquid passing through the

landfill would be closer to a weak inorganic acid, resembling the composition of acid rain.

In the scope of this work, therefore, the TCLP is used as a comparative tool. Its use does not

support its application as a waste classification standard.

The second batch agitated test used in this work is the Equilibrium Extraction (EE)
[Wastewater Technology Centre (1990)]. In this test a low liquid to solid ratio is employed, and
distilled water is used as leaching fluid. In this way the pH of the leachant is determined by the
free alkalinity present in the solid. The aim of such tests is to characterise the equilibrium
amounts of species releasable from the solid, assuming that the pH of the sample does not
change. Theoretically this provides an indication of what is lmobile from the pores of the
sample, including what is sorbed onto the surfaces of the hydration products. Any components
of the solid which are immobile due either to the pH of the pore solutions, or to their

incorporation into the solid structure, will not be solubilized as would be expected in the TCLP
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where acid breakdown of the structure is possible. The differences between the EE and the

TCLP are tabulated in Table 6-1.

In the EE a dried sample of the material is crushed to -149 pm and agitated with four times the
weight of the sample in distilled water for 7 days * 1 hour. At the end of the test the filtrate is
filtered through a 0.45 pm filter paper and the liquid tested for metal contents. A separate

procedure used for organics is not presented here.

Table 6-1 - Comparison between the TCLP and the EE

Test Condition TCLP EE

Leachant 1.0N Acetic Acid Distilled water

Liquid to solid ratio 10:1 41

Test duration 18 hours 7 days

Particle sizes -9.5 mm -149 pm

Use Waste Classification Tool, ~ Identify Soluble
‘Worst-case’ Scenario where components

acid attack on products occurs
with an associated drop in pH

6.2.3 Sequential extraction tests

These tests are carried out in one of two ways. Different samples of the waste can be subjected
to leachants of differing strengths. Here it is assumed that each stronger leachant will also
extract the total sum of the components from the weaker leachants. The other type of sequential
extraction test is performed by subjecting the same sample to differing strengths or types of
leachant. It is assumed that the contaminant extracted in each step is associated with a different

form or mineral phase within the waste matrix.

In this current work, the Sequential Chemical Extraction (SCE) test is used. This is a
procedure developed by Wastewater Technology Centre (1990) based on that of Tessier et al
(1979). A sample of the S/S product is subjected to five consecutive extraction steps each with a
different leachant solution. Table 6-2 presents the solutions used in each step, along with the
associated species which the step aims to extract. A full description of the procedure is

presented in Appendix A3.
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Table 6-2 - Leachants used in the SCE and the associated extracted species

Step  Solutions used Release subject  Species Extracted
No to changes in
1 0.25 M CsCl, and Ionic Ton Exchangeable Fraction
0.75MLiClin Composition
60% CH;0H
2 1 M CH;COONa pH Surface oxides, hydroxides and
adjusted to pH 5 carbonate bound metal ions
with CH;COOH
3 IMNH,OHHClin Eh Metal ions bound to Fe and Mn
25% CH;COOH oxides
4 0.02 M HNO; in Eh Metal ions bound to organic matter
30% H,0,; 1.2 M and sulfides
CH;COONH, in
20% HNO;
5 Fusion digest as Stable species Residual metal ions
used in Chapter 3

There is some question as to the appropriateness of the reagents chosen for these tests.
Originally the procedure was developed for characterising sediments from natural water
systems. Since cements and such sediments are fundamentally different in chemical nature, the
solutions aré not necessarily appropriate for S/S products. Furthermore, reproducibility of this
test has been found to be poor [Stegemann, (1996)]. Stegemann (1996) suggests that Step 2 is
sufficient to tell whether there is any stabilization other than precipitation of metals as

hydroxides.

The SCE is thus not expected to provide accurate quantitative information, but is suggested to
provide a rough estimate of the relative proportions of metals found in the various phases. It is

used as such in the context of this work.
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6.2.4 Other Types of Leach Tests

A number of other tests with a variety of different aims have been suggested in literature. These
include Concentration buildup tests, the Multiple Toxicity Characteristic Leaching Procedure
(MTCLP) [Lee et al (1994)], flow around tests and soxhlet tests [Wastewater Technology
Centre (1990)]. Upon analysis of the procedures in the context of this work, none of these tests

was found to provide any more information than those chosen for use here.

6.2.5 Variables Affecting Leaching

The conditions under which a specific test is conducted will directly affect the results of the test.

A few of the most important parameters affecting leaching are discussed below.
(i) Sample Preparation

Particle size reduction is carried out to reduce the time required to reach steady state by
increasing the surface area of contact between the solid and the leaching liquid. Size reduction
can be effected by grinding in a mortar and pestle or by milling. Samples are sometimes washed
to remove soluble salts and fine particles adhering to the surface [Wastewater Technology
Centre (1990)]. An increased surface area reflects a ‘worst case’ scenario in which gross

decrepitation of the solid material occurs.
(ii) Leachant Composition

The release during a test is strongly dependant on leachant composition, especially in tests with
high liquid to solid ratios. In low liquid to solid ratios the solid may determine the chemical
environment. Commonly used leachants are water, simulations of landfill leachates and various
laboratory solutions, including acid rain simulations and those used in the SCE described above
[Wastewater Technology Centre (1990)]. There is no way of developing a single leaching fluid
which closely simulates the fluid expected in landfill situation with respect to pH, Eh and |
concentrations of chelating and complexing agents [USEPA (1980)]. Traditionally an

aggressive leachant with low pH and Eh is used to represent a worst case scenario.
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The location of the other approximately 9¢ , of the total Cr in the S/S product not contained
in the pore solution is explored further via the Toxicity Characteristic Leaching Procedure
(TCLP) in section 6.3.3, the Equilibrium Extraction (EE) in section 6.3.4 and the Sequential

Chemical Extraction (SCE) tests in section 6.3.5.

While recognising that the small amount of liquid obtained from the extrusions limits the
accuracy of the results, it is interesting to note that between 72% and 87% of the total
chromium in the pore solutions is present as Cr(VI). The rest is assumed to be the Cr(III)
form. From the discussion of Chapter 2, it ould be expected that, at the pH of the pore
solution found here, the solubility of Cr(III) would be to the order of 1x107 mg/l [Pourbaix
(1966)]. The rest would be expected to be precipitated out of solution as the Cr(OH), species.
Since the solution is filtered prior to analysis, the detected Cr(IIl) is soluble Cr, and is not
merely suspended precipitate. This provides evidence that the complex pore chemistry and
highly concentrated pore solution causes a :viation in solubility behaviour from what is

observed for a pure Cr-water system.
(iii) Zinc

As seen in Chapter 3, high levels of Zn are und in the S/S products. No Zn was, however,
detected in any of the pore water samples.  ; in the case of Cr, some of the Zn is expected to
remain in stable complexes in the original dust particles. In solution, Zn(II) can form a
number of oxides and hydroxides, with amorphous Zn(OH), b~ the most soluble (1.2
mg/1) at the pH of the pore solution, and €-Zn(OH),, a white orthorhombic solid, being the
least soluble (0.08 mg/1) and also the most stable [Pourbaix (1966)]. No evidence of
crystalline Zn(OH), formation was found in the XRD results of Chapter 4, and based on these
XRD results, it is suggested that, although = formation of the crystalline zinc hydroxide
species (in the form of the a, B, y and € complexes) is feasible, it would be limited to a value

below the detection limit of the XRD.

According to solubility-pH relationships, should amorphous Zn(OH), be present in the pore
spaces, it would be soluble at levels of up to 1.2 mg/l. As in the case of Cr, solubility-pH

relationships for Zn presented in Chapter 2 were developed for pure systems and, thus, should
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Zinc leaching results are presented in Figure -4 as a function of pH. As in the case of Cr. a
decrease in Zn in the TCLP leachate as pH increases is shown after a certain minimum pH.
This is as expected given the solubility considerations presented in Chapter 2. Zn solubility at
a pH of 6.5 predicted by the solubility diagr 1s is approximately 6500 mg Zn*"/l for
amorphous Zn{OH), and approximately 10 mg Zn**/1 for g-Zn(OH),. The Zn found
solubilized in the TCLP leachate solutions is thus less than half that which would be expected
from the solubility curves of Figure 2-2. On  again the solubility diagrams are for pure
systems, and will not adequately describe complex systems. The other suggestion for this
observation is the following. It has been suggested in Chapter 4 and section 6.3.2 that some of
the Zn in the solidified product is contained in the volatile layer surrounding the dust. It is
possible, therefore, that the TCLP mobilizes [l of the Zn(OH), previously precipitated in the
pore solution, while the remainder is retaine s part of the stable dust material and is not

mobilized by acid attack over the 18 hour leaching period.
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Figure 6-4 - Zn Leaching as a Function of pH

Although Figure 6-4 indicates a downward trend in Zn mobility as a function of pH, a wide
scatter in results in observed in this plot. Ov g to the fact that samples of different
formulations are being compared in this figi :, other effects such as cement addition, curing

and the dilution effect discussed previously will also play a role.

In almost all of the cases, the solidified product leaches more than does the unsolidified
washed cake on a mg Zn leached per g wet filter cake. This is not as expected based purely on

pH considerations. Two explanations are offered for this observation. Firstly, the unsolidified
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7.2.3 Mobilization of Solid-Phase Cons :uents

Coté (1986) suggests two different situations which describe the mobilization of solid-phase
constituents from the S/S products (leaching step (i) presented above). The first is rapid
mobilization, which includes adsorption and desorption reactions and the solubilization of
hydroxide species. The second describes s w chemical processes such as the breakdown of

the cementitious products.
(i) Rapid or Instantaneous Chemical Reaction

The equilibrium between the solid phase and liquid phase concentrations of species which
solubilize rapidly, such as those adsorbed  the solid surface, has been suggested by other
authors in the case of S/S products to be r  resented by a linear equilibrium adsorption
isotherm [Batchelor (1990), Coté et al (19 "), Coté (1986)]. This allows for a simple

analytical solution to the mass balance equation. The equilibrium is of the form:

C.
K,=—" 7-8
$T G (7-8)

mo

where C;, is the immobile or species attached to the solid surface, C,,, is the species in
solution and K is an equilibrium constant. Using the above equation as the reaction term in

Equation (7-5), (7-5) becomes:

oC 2 oC;
a;no :DeY Cmo = a;m

9Cno

=De Yz Cmo — K4 (7-9)
De 2
=—V
1+ Kd ~ mo

where the reaction term has been replaced by the negative rate of change of immobile species

or the rate of change of concentration of the mobile species.
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Agitated te . were carried out on solidified FeCr Dust samples made with 20% cement and
0.9 w/s ratio cured for 250 days. From Chapter 6, this formulation can be regarded as a “fully
cured” sample with the c;ement content b« g intermediate in the range of practically viable
cement additions (see Chapter 3). It is noted that the amount of cement added and w/s ratio
will affect both the rate of leaching, and 1 mechanisms which controlled leaching. This is

explored further in the NKLT of section 7.6.

Solidified 1 iterial was crushed, sieved to the required size range and agitated in a 10:1 liquid
volume to solids mass ratio using the TCLP tumbling device. Samples of the leachant were
extracted at set time intervals. These sam =s were filtered through 0.45pm filter paper and
analysed for metals content using the AA spectrophotometer. For a full description of the test

procedure, see Appendix A4.
7.5.2 Effect of Agitation Rate

The effect of agitation rate on leaching v established for particles of -2.8 +2 mm, being one
of the two intermediate size ranges of those size ranges being considered. For these tests, the
solidified FeCr Dust was leached in distilled water for five hours in the tumbling device used
in the TCLP and EE. Acetic acid was not sed in these tests since, as in the case of the TCLP
of Chapter 6, rapid particle breakdown was observed in the acidic medium. The isolation of
the effect of agitation rate on leaching frr  that of particle breakdown was thus impossible.
In the disti :d water leaches, 85% of the particles were still in the initial size fraction. No

particle size distribution of the remainder was carried out at the time of testing.

Since these tests were performed in distil 1 water, the pH of the leachants was once again
raised to the pH of the pore solution (= 11) by free alkalinity from the solid as discussed in
Chapter 6. Due to the high pH, no Zn was found in the leachates. For this reason, only the
release of Cr was considered in this analysis. Figure 7-1 presents chromium leaching as a
function of time for three different agitation rates. No Cr 1) is expected to be detected in the
leachate solutions due to the high pH and all Cr in solution was found by UV spectroscopy to

be in the Cr(VI) oxidation state.
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Since contact periods were greater in the NKLT than in the agitated tests it would be expected
that more Ca and K would be released in1 : former tests if release were determined by
contact time alone. In the agitated tests of Chapter 6 and section 7.5.1, however, crushed
material was leached, while in the NKLT a solid slab was leached. It is thus suggested that
the smaller exposed surface area in the NKLT limits leaching of Ca and K from the solid over
time periods studied here. Leaching of the : two components is discussed further in the

sections which follow.
(iii) Chromium
Table 7-5 presents the total amount of Cr leached in the NKLT for each of the samples tested.

Table 7-5 - Cumulative Cr Leached in NKLT (mg)

Sample No Distilled Water Acetic Acid

1 1.0 12.6
2 8.7 18.2
3 6.7 18.9

* Cr concentrations in individual leachants were low (0.1 to 0.3 ppm). This value is therefore limited in accuracy

Results are discussed individually for the distilled water and acid leaches.

Distilled Water Leachants

In the distilled water environments the Cr available for leaching is suggested to be that
contained in the pore solution. In accordance with the solubility-pH discussions of Chapter 2
and the results of Chapter 6, the solubility of Cr(III) between pH of 6 and 11 is minimal and
hence further mobilization will only occur in a higher or lower pH leachate environment.

Considering the leachate pHs presented above, no Cr(III) is expected to be mobilized.

UV spectroscopy showed that the majority (>97%) of the Cr in the distilled water leachates to
be Cr(VI). The Cr in the pore solution was found to be between 72% and 86% Cr(VI), the rest
being Cr(III). At the pH of the pore solution (x~10.5), Cr(IIl) was not expected based on

literature observations. It was, however, observed in Chapter 6 that solubility-pH behaviour
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Since a large proportion of the potentially ~obile Cr from the S/S products is leached in these
tests, the model of Coté (1986) described in section 7.2.5 could not be fitted to the leaching

data - this model requires the assumption of a semi-infinite solid to hold.

Diffusion is suggested to be rate limiting in the release of Cr(VI). Since Cr(VI) is already
mobile in the pores, reaction cannot be ra  limiting. Furthermore, since concentrations in the
bulk solutions in each of the ten extractions are low, external mass transfer resistances are

also not expected to be significant in determining leaching rate.

Since the semi-infinite solid solution does not hold in this case, it is necessary to turn to
analytical solutions such as those presented in Welty et al (1984) for the calculation of
diffusion coefficients for Cr in the distille water leachants. Using graphical solutions as

detailed in the above-mentioned text, the following diffusion coefficients were calculated:

Table 7-6 - Calculated Diffusion Coefficients for Cr - Distilled Water Leach

Sample 1 2 3
D, (cm?/s) 2E-09 2.4E-09 8.2E-09

These values are discussed further below.

Acid Leachant

Table 7-5 indicates the following. For samples 2 and 3 the amount of Cr ultimately leached is
identical. The total amount of Cr leached >r sample 1 is lower than for the other two samples

- due to the higher cement content, sample 1 contains less total Cr, and hence less mobile Cr.

Figure 7-12 shows the cumulative amow of Cr leached as a function of time. The model
presented in Equation (7-21) was fitted to these leaching results using a curve fitting
procedure described in Kojovic (1996). Table 7-7 shows the values of the parameters

obtained. The curves generated by this model are also shown in Figure 7-12.
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Based on the D, results presented previously i his work, the percentages of the potentially
mobile contaminants remaining in the solid after 100 years as predicted by Figure 7-21 and
Figure 7-22 are presented in Table 7-18. Since calculated values of D, were based on that

fraction of each element which is predicted to be potentially mobile, and not the total
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7.8.2 Buffering Capa vy of the S/S Products

In distilled water leaches and e column leach tests the buffering capacity of the S/S product
was observed to be sufficient to raise the pH of the leachant solutions to the alkaline range -
in the case of the NKLT to a pH of between 8 and 10, in the column leach tests to a pH of
11.5. The high pH was s gested to be maintained by calcium and potassium hydroxides

released into solution.

In acetic acid leaches the S/S product raised solution pH from 2.9 to above 4 in the NKLT
and aj roximately 5.5 in the agitated kinetic tests. The buffering capacity of the S/S products

was not sufficient to raise the acidic pHs to the pH of the pore solutions.

pH plays a significant rc : in the release of metals from the S/S products. Some metals were
observed to be contained as insoluble hydroxides in the alkaline S/S products, which
resolubilize if the pH drops. The specific case of Cr(III) and Zn(II) are discussed further

below.

7.8.3 Chromium

Cr(VI) is mobilized in both distilled water and acidic leaches. In both leachates it was
suggested that the rate « release of Cr(VI) is controlled by diffusion, after washoff of that
contained at the surface of 2 particles occurred. In the model of Chapter 4, Cr(VI) was
proposed to be contained in the pore solutions. The fact that reaction did not determine the
leaching rates for Cr(VI) indicates either that the Cr(VI) is mobile, as suggested in the model,
or that mobilization reactions are fast relative to diffusion. In the column tests release was

once again controlled by diffusion after initial surface washoff was accounted for.

In the agitated kinetic tests, it was observed that higher agitation rates give rise to lower rates
of Cr(VI) ching. The pc ntial for adsorption of Cr(VI) onto solid surfaces, with
subsequent kinetically controlled desorption, was demonstrated by monitoring the liquid
phase reduction of Cr(VI) to Cr(IlI) using Fe(SO), - as time proceeds more Cr(VI) is released

into solution, implying that Cr(VI) is slowly desorbing from solid surfaces. Higher agitation
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is consistent with literature observations. Means et al (1995) highlights one of the limitations of
cement-based S/S as being “..small changes in the waste composition or mix proportions can
alter the properties, sometimes without the knowledge of those utilizing the waste form™. The

effect of both waste type and the operational variables on leaching is discussed further below.

Concentration In Leachate
(ppm)

Curing (days) Cement (%)
w/s =118

o
—

Figure 8-9 - Cr Release from the >lidified ETP 2 Products as a function of

Cement Content ar Curing Time, w/s constant

The CCRD model indicates that all three of 1e operational variables, as well as the interaction
between the three variables, are significant in determining Cr leaching. The interaction implies
that the effect of any one of the operational variables on amount of Cr leached depends on the
values of the other two variab . at whicht . testis carried out. The m¢  thus confirms the
importance of these three process parameters on the leaching behaviour of the ultimate S/S

product, as was suggested in Chapter 3.

The effect of the individual process variables on Cr leaching is observed to be the following:

ETP 1 and ETP 2

The solidified ETP 1 and ETP 2 products s. w minimum Cr leaching at intermediate cement

additions. As the cement content is either increased or decreased, Cr release increases. The

initial decrease in Cr leaching as cement content is increased is consistent with observations of
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The coefficient of correlation between experimental and predicted results for Ca is 0.90 for the
ETP 1 products, 0.88 for the ETP 2 products and 0.93 for the FeCr Dust products. Once again,
these high values of R indicate prediction of experimental results by the model for all three
products at the 99.5% confidence limit. These observations are supported by plots of predicted

vs experimental results which indicate that scatter is random around a straight line.

8.2.7 Optimization of the Operational Variables using the Model Equation

One of the aims of the laboratory work was to evaluate the optimum parameters for
maximum strength and minimum leaching. To carry this out, the SOLVER routine supplied
with the Microsoft EXCEL software package was used. This routine uses the forward
difference method for calculating the derivatives of the function and, by iterative calculation,
solves for the variable values which give the optimum response. Details of application of this
routine using the spreadsheet attached to this thesis are presented in Appendix F2. Optimal
values for the objective functions in this work, being maximum strength and minimum
leaching, within the constraints of the variable values presented in Table 8-1 are presented in
Table 8-4 below. Note that no full factorial design was carried out for the strength of the
solidified FeCr Dust products. Optimal operational variable values for the other leaching

responses appear in Appendix F3.

Table 8-4 - Optimal variable values for maximum strength and minimum leaching within the

range of variables under investigation

Variable ETP1 ETP 2 FeCr
, Dust
ITS Cr leaching ITS Cr leaching Cr leaching
Water/solids 1.1 1.2 1.1 1.1 0.9
Cement (%) 30 23 26.5 19 23.1
Curing time 70 49 70 70 180
(days)

In industrial application of the technology it is difficult to control the operational variables to

achieve the exact values presented in Table 8-4. Prior to discussing the results in Table 8-4, it

is significant to identify the sensitivity of the system to variations in the values of the

operational variables. Table 8-5 shows the effect of a change in the operational variables
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on the ITS and Cr leaching responses for the ETP 2 products. Responses for the other two

products were similar and hence are not reported here.

Table 8-5 - Effect of Changing Operational Variables on Responses

Variable Increase/Decrease % Deviation Decrease in ITS Increase in Cr
in Variable Value from Leaching
Optimum
w/s Ratio | 0.05 4.5% 0.1% - 3.8% 1.3% -2.6%
Cement 5% 18.8% 3% - 4% 13% - 18%
Curing 10 days 14.3% 1.2% - 1.4% 1% - 2.5%
Time

From Table 8-5 it can be seen that strength is relatively insensitive to the changes in the
operational variables in the ranges indicated here. Cr leaching is sensitive to a change in
cement addition, but is not as sensitive to the other variable values. Control of cement addition
in practice is, therefore, important, but fluctuations in the residual water content of the filter

cakes will not have as significant an influence on either Cr retention or strength.

Based on the observations of Table 8-4, it is suggested that when implementing the S/S
process, the w/s ratio be kept as low as is possible while still allowing for the formation of a
workable paste. With regard to the optimal cement contents for maximum strength and
minimum leaching presented in Tabie 8-4, the following is considered. It is seen that high
cement contents lead to high strengths, which is in line with observations throughout this
work. Intermediate cement contents, however, favour improved retention. Since retention is
the primary goal of S/S, with structural implications being of secondary consideration, it is
suggested here that cement contents of approximately 20% be used for maximum retention.
According to Table 8-5 this implies a reduction in strength of up to 10%. Considering that the
strength of the products in this work were well above legislatory requirements, it is suggested

that this reduction in strength is insignificant.

Finally, with regard to curing time, it is recognised that the material will ultimately be placed

into landfill and left there for unspecified time periods - up to hundreds of years. Table 8-4
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indicates that, for ETP 2 and the FeCr Dust products, maximum strength and minimal Cr
leaching occurs at maximum curing for the times investigated here. This suggests that as
curing proceeds, prdduct performance (indicated by high strength and low leachability) is
improved. For the ETP 1 products strength is once again maximum at long curing times.
Although it is seen that Cr leaching reaches a minimum at an intermediate curing, it is
recognised that Cr concentrations in the ETP 1 leachates were low and hence results were

limited in accuracy.

Further practical implications of S/S, including costing of the processes, are discussed further

in sections 8.5 and 8.6 below.

8.2.9 Correlation Between Strength and Leaching Behaviour

One of the hypotheses of the work reported in this thesis was the potential existence of a
relationship between strength and leaching behaviour. Strength depends on the extent of .
cement hydration and therefore on the formation of bonds between particles. Leaching, in
turn, depends on both the buffering capacity of the S/S products and on the accessibility of the
constituents to the leachant, which will be a function of the nature and tortuosity of the pore
network - again a function of cement hydration. It was based on these statements that the

hypothesis was initially proposed.

In Table 8-4 the optimal variable values for maximum strength and minimum leaching are
presented. While taking into account the sensitivity of the responses to the variables as shown
in Table 8-5, it would appear that maximum strength and minimum Cr leaching can be
achieved at similar operational variable values. Comparison of graphs such as those presented

in Figure 8-2 with Figure 8-8 confirms the existence of such a relationship.

The significance of the relationship is the following. The ITS test was observed to be a simple,
and economical test compared to the TCLP. It is suggested here that, when assessing S/S
technologies for application to other waste products, it is possible to cut down on the number
of leach tests required to fully characterise the system. For example, considering the factorial
design discussed above, a decision may be made to perform leach tests only at the axial points
(being those defining the maximum and minimum values of the operational variables) and
strength tests at all of the points. Based on the correlation presented here, the strength results

may be used to predict the ultimate effect of changing the operational variables on leaching.
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8.3 Summary of Observations from the CCRD

This section of work was performed with three main aims. These were, firstly, to investigate
the use of the experimental design technique to characterise S/S systems, secondly to
determine values of the operational values which give the combined desirable attributes of
maximum strength and minimum leach potential and finally to provide support for the
hypothesis of the existence of a relationship between strength and leaching behaviour in S/S

matrices.

In support of the fofmer, the experimental design was shown to aid in development of models
to predict the strength and leaching behaviour of the S/S products within an acceptable degree
of error. All three variables were found to be significant in determining strength properties of

the S/S materials. The effect of the operational variables on leaching depends on the type of

waste treated and the element of interest.

The fact that different waste products respond to changing the operational variables in
different ways reiterates the need for evaluation of the appropriateness of the process for all
waste products prior to implementation of the technology. The CCRD was found to provide a
useful tool for two aspects of this evaluation. Firstly, the CCRD can be used to develop an
experimental matrix which provides a rigorous framework within which laboratory
experiments can be planned in order that they will fully characterise the system. Secondly, the
results of the experimental design can be used to find the values of operational variables to

provide a product with maximum strength and minimal leaching potential.

At the beginning of this thesis the hypothesis of a relationship between strength and leaching
potential of the S/S products was discussed. This was based on the fact that both strength and
the mobility of metals would be, to some degree, rélated to the extent of formation of the
cement hydration products. The observations presented here, that lower strength products

leach more Cr than stronger products, provides support for this hypothesis.

8.4 Effect of Additives on Properties of S/S Products

The work presented in this thesis thus far has focused on the use of cement as the sole

treatment agent for the waste products from the ferro-alloy industry. In practice, however, it is
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common to use cement in conjunction with other additives for treatment purposes. This is
either to improve strength and retention characteristics of the products or to reduce cement
requirements and thereby the costs of the treatment process. Furthermore, the additives may
be wastes themselves, and thus using them as an additive has the added advantage of co-

disposal.

The following sections present qualitative observations with regards to the use of calcium

hydroxide and fly ash in the treatment of the FeCr Dust wastes.
8.4.1 Effect of Calcium Hydroxide Content on Leaching

Calcium hydroxide is sometimes added to an S/S process to improve the quality and
performance of the technology in practice. This is usually done for one or more of three
primary reasons.

(i) To neutralize acidic wastes prior to addition of cement - in the case of the ETP solids this
step has already been carried out as part of the process,

(i) The presence of calcium hydroxide in solution is required for the precipitation of CSH -
the cement hydration products. Conner (1993) suggests that if there is insufficient Ca(OH), in
solution for complete cement hydration, the formation of CSH will be limited and a product
with inferior strength and retention properties will occur.

(ii1) To increase the buffering capacity of the S/S product against acidic groundwaters.

The effect of the addition of calcium hydroxide on leaching from the solidified FeCr Dust
products was assessed using a simulated acid rain type leach solution which was taken to be
representative of low pH rainfall. The primary differences between this solution and that used
in the TCLP previously are:

(1) The acid rain solution has less buffering capacity than the TCLP solution, and solution pH
is quickly raised to the naturally alkaline pH of the S/S products.

(i) The TCLP solution is an organic acid, while the acid rain solution consists of a nitric/
sulphuric acid mix.

Other leaching conditions including time, temperature, separation methods, leachate analysis,

were consistent with those used in the TCLP.
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Leach test results are presented in Table 8-6. In this table, Ca(OH), additions of 1.6% and 5%
are presented, being based on Ca(OH); to dry waste solid ratio. Although the cost of lime is
low, it is desirable tb use the minimum amount of additive to give the maximum benefit. This
reduces bulk increases to the waste. The Ca(OH), additions in Table 8-6 were identified to be
sufficient to neutralize the FeCr Dust wastes, which is desirable for the reasons discussed
above, while still being low enough to minimize bulk increases [Richard Paxton Associates

(1996)].

Table 8-6 - Leach Test Results from S/S Products
made with Ca(OH), (results in ppm)

Cement (%) Ca(OH); (%) LeachatepH  Cr Ca
75 0 115 5.1 753
16 12.5 11 1025
13.75 0 12.0 13 1862
123 08 1952
20 0 122 14 1028
1.6 10.5 0.6 1843

It is seen that addition of Ca(OH), results in a reduction in Cr release. The Cr in the leachates
was found by UV spectrometry to be Cr(VI). Cr(III) solubility was shown in Chapter 2 to be
below detection limits at the pH values observed here. Since Cr(VI) is soluble across the entire
pH range, leaching of Cr(VI) will not be a function of pH. Lime is sometimes added to S/S
processes to provide extra calcium for the formation of CSH and hence the improved retention
of Cr as a consequence of Ca(OH), addition is due to increased physical retention due to a

more developed cement hydration matrix [Conner (1993)].

Zn levels in the leachates were below detection limits. At the pH of the leachates, the solubility
of Zn is once again negligible. Calcium is observed to increase with increased Ca(OH),

addition which is as would be expected.

In summary, therefore, the addition of Ca(OH), has the potential to contribute to improved Cr
retention due to the more extensive formation of the cement hydration products and hence the

formation of a stronger, less porous monolith. This is similar to what was seen in the case of
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increased cement addition, and is suggested to hold for other species for which retention 1s

dependant on physical encapsulation.
8.3.1 Effect of Fly Ash on Leaching and Strength

In a parallel study, the effect of the addition of coal power station fly ash on strength and
leaching of metals from solidified FeCr Dust was determined. Results of this work appear in
Barton and Dickason (1994). Samples were made in the same way as in this work, except that
various proportions of the cement were replaced by fly ash. The following two main

conclusions were drawn in this work:

(i) At low water additions, ITS decreases as the amount of fly ash increases. The opposite is
observed at high water contents.

(i) Substitution of fly ash for some of the cement in the S/S product reduces the retention of
Cr. The pH of leachates from an EE-type extraction of samples containing fly ash are to the

order of 7, versus 10.5 from the S/S products without flyash. Reduced pH implies greater

solubility of Cr(III), and hence greater leach potential.

Two notes should be made about the results obtained in this study. Firstly, due to time
constraints, samples were cured only for periods of up to 28 days. It was noted in Chapter 3
of this work that samples could not be demoulded prior to 14 days of curing. Hence testing in
the work of Barton and Dickason (1994) reflects the first four weeks of curing, or the two
weeks after demoulding. The formation of pozzolanic products such as those from fly ash can
continue for periods up to one year. It is not known whether fly ash will improve either ITS
or retention over longer curing periods. Secondly, this study was carried out on only one type
of fly ash. Different types of fly ash show a variety of chemical compositions and hence
differing pozzolanic behaviour. For this reason fly ash from other sources may be more

effective in stabilizing the FeCr Dust than that studied here.

8.3.2 Summary

In summary, therefore, it was found that Ca(OH), has potential for contributing to improved
waste retention in the S/S products. Although no benefit of the addition of fly ash was found

in this work, it is reiterated here that many researchers have found benefit in using fly ash as a
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waste treatment additive. Results presented here, therefore, do not rule out the use of fly ash

in the treatment of other types of waste products.
8.5 Considerations in the Landfill-Scale Implementation of the Technology

What remains at this point is to discuss the practical aspects of implementation of the technology.
This section is divided into two parts. Firstly, mixing and transportation issues are discussed,

followed by considerations of landfill location and design.

8.5.1 Mixing, Transport and Placement Considerations

The consistency, and subsequent mixing and transport properties of a freshly prepared S/S mixture
will be dependant on, amoﬁgst other factors, the particle size distribution of the waste matenal and
the water to solids ratio in the mixture. Should coarse additives form part of the S/S mixture, a
different material in terms of mixing and pumping characteristics will be obtained over one which

contains only a fine, dust-like material.

The work reported in this thesis has been used in the design of a waste treatment plant from which
the wastes arise. Consultation with practitioners who have been implementing the S/S process in
practice indicate that the consistency of the fresh S/S mixture will determine the équipment required
for mixing, transport and placement in the landfill. A stiff paste will require a high shear type mixer,
and transport in trucks. A more fluid S/S formulation, however, could be mixed in a simple cement

mixer, and could be transported to the final disposal site by conveyer belts or pumping.

In this specific case, therefore, three options were available for transport of the fresh S/S mixture to
the placement site (trucking (stiff pastes) and pumping or conveying (fluid mixtures)). In terms of
capital investment, conveyer systems cost to the order of R10 million', approximately three times
what either trucking or pumping systems cost. It was found furthermore that more fluid mixtures
would give problems with both flow out of the placement sites and would also blind drainage

systems (these are discussed in section 8.5.2 below).

From Table 8-5 it was identified that the effect of water addition on strength and leaching is

relatively insignificant. In large-scale application, therefore, it has been decided to formulate the

' One South African Rand ~ US$ 4.6. Values quoted in the text are 1995 prices.
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mixture to be as dry as possible and truck it to the placement site. The mixture is placed in cells of
approximately 350 m’, being large enough to hold one day’s production of fresh S/S mixture. It is
then patted down using a long-reach patter, in an attempt to remove voids, the presence of which
have been shown through this work to be conducive to mechanical breakdown and increased

leaching [Paxton (1997)].
8.5.2 Considerations in Landfill Location and Design

The selection of the site for the landfill and the design thereof have to be such that the landfill
provides the minimum potential for adverse impact on the surrounding environment. The
mechanical stabiﬁty of the deposit should be ensured by choosing areas in which ground movement
is limited. Furthermore, factors such as soil type and permeability and situation of groundwater
flows which determine the potential environmental risk in the case of contaminant leaking out of a

landfill site, should be considered.

The site selection process should thus include a full site characterization, consisting of
characterisation of the sub-surface geology, identification of ground-water conditions and flows,
determination of the properties of major subsurface zones, including hydraulic conductivity, the

potential for geochemical attenuation behavior and the site stability and strength [Sittig (1979)].

Other practical factors may play a role in site selection. These include proximity to the plant
producing the waste, current land use and impact on local communities. Most large-scale mining
and minerals processing operations deposit their waste materials on their own properties in close

proximity to the operations in order to minimize transport of waste materials over long distances.

In accordance with the results presented in this current thesis, reducing contact with a liquid passing
through the site is important to minimize leaching. For this reason it is preferable for a liquid, such
as rainwater or groundwater, to pass around the mononlith than through it. C6té and Bridle (1987)
recommend among others two ways in which the landfill can be designed such that interface
exchanges at the surface of the waste mass are favoured rather than advective transport through the
solid mass itself. These are, firstly, to avoid a potential build-up of hydraulic gradients, and
seéondly, to protect the waste mass from weathering and physical breakdown. The latter is in line

with discussions presented in the strength results of Chapter 5. In order to minimize leaching
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resulting from exchange at the surface of the waste mass three main recommendations are made.
The first is to minimize the waste surface area-to-volume ratio, the second is to ensure a low rate of
groundwater flow around the waste and the third is the minimization of contact with acidic waters

[Coté and Bridle (1987)].

To collect any leachate which invariably does flow through the site, landfills are usually lined with
some type of reduced permeability liners. A liner consists of a material of low hydraulic
conductivity which forms the base of a waste deposit. Should any leachate percolate through the
waste deposit, it will collect above the liner material. If a drainage or leachate collection system is in
place the leachate is collected and removed through controlled channels prior to seepage through
the liner. Should no leachate collection system be in place, the collected leachate will gradually seep
into the underlying sub-soil and potentially enter groundwater. Commonly used linings include

naturally-occurring clay liners, compacted soil or composite liners and geosynthetic liners.

Available options for the treatment of collected leachate include:

e Recycle as part of process water - feasible if the water is not too heavily contaminated,

o Treatment in treatment plants, in processes such as lime-based neutralization and precipitation as
described in the scope of this current work.

o Evaporation in evaporation ponds - the liquid is evaporated, leaving the salts in solid form.
These salts must be disposed of in a manner which ensures long term stability (S/S is one such

option) [Sittig (1979)].

The choice of which option to use will be based on practicality and economic viability. In the case
of the landfills which have been designed to contain these specific S/S wastes, the landfills are lined
with compacted clay. Berms or embankments surround the landfill to divert rainwater runoff. From
the results of this current work, the significance of physical encapsulation, and hence the geometry

of the waste form, in metals retention has been highlighted.

The landfill designed for retention of these products has been divided into cells, each cell being
large enough to contain 350m’, which, in this specific case, is enough to contain one day’s
production of fresh S/S mixture. The wet mixture is cast into these cells and is allowed to set to

form a monolith in which, in accordance with the work presented in this thesis, metals will be both
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physically retained (due to the large solid block formed) and chemically retained, provided the
buffering capacity of the solid is not consumed. The material in cells is allowed to cure for a number
of days prior to new material being placed on top of it - times of 14 days were demonstrated here

to be required for the material to set into a block which was self-supporting.

The cell is shaped such that all liquid drains toward the centre and is collected into a common
drainage system from other cells. This is combined with rainfall runoff collected from the top of the
landfill and is fed into a lagoon. Here the liquid is checked for metals content and is released to a
second lagoon. Should the metals contents be unacceptably high, the liquid from the lagoon is

treated via reverse osmosis prior to discharge [Richard Paxton Associates (1996)].
8.6 Costing of S/S Operations

Costing of S/S operations in a South African context is difficult, since limited information is
available from companies who have put this technology into practice. Information must, therefore,

be drawn from information available in literature, which refers primarily to the USA.

Table 8-7, extracted from Means et al (1995), shows the costs of treatment per cubic yard of waste
for cement-based S/S treatment. For extrapolation to the work presented in this thesis it is
significant to look at figures for plant mixing prior to placement in landfill, ie column 3 on the table.
It is seen that reagents and mixing materials constitute the largest proportion of the running costs.
Optimization of quantities of the required additives, via a technique such as the CCRD presented in
this chapter can, therefore, result in a significant reduction in costs. Furthermore, should it be
possible to replace some of the cement added to the samples by one of the additives suggested in

* section 8.4, especially those which are wastes themselves, costs will be further réduced. Further

exploration of the use of alternatives to cement in the S/S process is thus warranted.

Although every waste disposal scenario will take cost considerations into account, the fdllowing is
noted by Means et al (1995). “Cost is an additional binder screening criterion, although this should
be applied only after the interference, chemistry, and disposal / reuse ... have been considered.
Because economic considerations are secondary to performance considerations, cost should only be

used to screen binders that are significantly less economical or whose benefits clearly do not justify



316 Chapter 8

the added expenditure.” It is thus recommended that economics is only one of many factors

considered when screening potential waste treatment technologies.

Table 8-7 - Comparison of Major Cost Elements of Cement-Based Solidification/
Stabilization with Cement [Means et al (1995)]

: Cost, $/Cubic Yard
Category In-Drum Mixing In Situ Plant Mixing Area Mixing
Labor, overhead, and profit 216.30 140 1.10 3.00
Equipment and metering - 6540 1.60 0.70 3.00
Conveyance NA NA 1.40
Pretreatment NA NA 050 NA
Monitoring and testing(@ 115.40 400 3.10 5.10
Reagents and mixing materials 31.10 31.10 31.10 31.10
Offsite disposal (nonhazardous waste) NA NA 3.10 NA
Supplies 84.60 0.60 0.80 1.30
TOTAL 512.80 38.70 41.80 43.50

“Monitoring and testing costs assume that in-drum wastes require sampling of each drum, while the other approaches require representative samples
of alarge, relatively uniform body of waste. Source: Arniella and Blythe, 1990, p. 101. Excerpted by special permission from Chemical Engineering, February
1990.

NOTES:

1.NA = not applicable

2. Not induded are costs for mobilization and demobilization, engineering and administration, and health and safety.

3. All mixes are based on 30% Portland cement and 2% sodium silicate.

4. Cost for delivering reagent is not included.

5. Approximate production rates assumed are: in-drum mixing, 5 drums/h; in situ, 500 yd’/d; plant mixing, 650 yd®/d; area mixing, 400 yd'/d.

8.7 Concluding Remarks
In terms of the characterisation of the S/S products, the following points were identified:

(1) The CCRD provides an effective tool for determining the effect of process variables on
product responses, and allows for calculation of the optimum variable values for optimum
responses.

(i1) The process variables for which give rise to maximum strength and minimum leach
potential must be found for each waste product, as responses are affected by the chemical
and physical nature of the waste product. . |

(ii1) A relationship between strength and leaching behaviour of the S/S products was identified
using the factorial design.

(iv) Addition of Ca(OH), to the S/S mixture results in improved Cr retention

(v) The fly ash used in this work had no effect on Cr leaching at short curing periods.
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Based on the results presented here, the following comments are offered with regard to the

proposed physico-chemical model of the S/S products:

(i) The primary bonding mechanisms between solid particles in the S/S product depends on the
amount of cement present in the mixture. In solids with higher cement additions, the
products of cement hydration are primarily responsible for the solid structure of the product.
In low cement samples, precipitates in the pores may contribute to strength characteristics of

the solid.
(ii)Release of Cr(VI) has been confirmed to be controlled by physical encapsulation effects.

Cr(III) release is primarily controlled by pH, although ultimate solubility of Cr(III) will be
affected by other anions and cations in solution. Cement content plays the biggest role in
determining Cr release.

(iii) Zn leaching has once again suggested to be a function of pH, indicating that all potentially
mobile Zn is contained as the insoluble Zn(OH), form in the S/S products.

(iv) Ca release depends on both the amount and chemical speciation of the Ca in'the S/S
product. Ca(SO), is expected to be insoluble. Ca from Ca(OH), is readily released into

solution. Ca bound in the cement hydration products may also be released into solution.

These results thus support observations from previous chapters with regard to the validity of the

physico-chemical model proposed in Chapter 4.

The following comments were made with regard to practical aspects of the large-scale

implementation of the S/S process.

(i) Consistency of the fresh S/S mixﬁues will determine mixing and transport requirements.

(ii) Location of a landfill site is determined by a number of factors including the mechanical
stability of the deposit, soil permeability, situation of groundwater flows, proximity to the
plant producing the waste, current land use and impact on local communities.

(iii) The effective design of waste disposal sites is necessary to reduce both infiltration of liquid
into the landfill and subsequent transport of toxic contaminants out of the site.

(iv) Leachate collection systems will minimize entry of contaminants into the environment.

(v) Reagents and mixing materials contribute the highest proportion of costs to the S/S
operations. The use of cheaper additives, especially if they are wastes in themselves, to

replace some of the cement in the S/S mixture can significantly reduce costs and further

investigation into this area of S/S is therefore warranted.
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Conclusions

In this chapter the results from work presented in this thesis are summarized. The physico-
chemical model, proposed at the beginning of this thesis, is re-examined. Recommendations

are made for the path for future work, and the overall significance of the study is discussed.

9.1 Summary of the Background to the Study

The Minerals Beneficiation industry was identified to be the largest contributor to both the
total and hazardous waste production streams in South Africa. The extensive growth in the
industry and the associated increase in waste production has resulted in increased pressure on

the industry to look more critically at its production of- and disposal options for- its waste.

Of interest in this study were wastes from the ferroalloy industry, and, in particular,
ferrochromium production. A number of process steps result in the production of wastes.
Such wastes often contain high levels of metals, including mercury, zinc, cadmium, chromium,
boron, lead, arsenic, magnesium, manganese, sodium, potassium and antimony, which preclude
the wastes from direct disposal to landfill without some form of pretreatment. Cement-based
Solidification/ Stabilization (S/S) was identified to be a potentially appropriate technology for

the treatment of wastes prior to consignment to landfill.

In this work a study was made of the application of S/S to the pre-landfill treatment of two
different waste products from the ferrochrome industry. The wastes chosen were a
ferrochromium smelter dust (designated as FeCr Dust) and two metal-rich precipitates from
wastewater streams (designated as ETP 1 and ETP 2). These wastes were shown throughout the

thesis to differ both physically and chemically.

Some work has been reported in open literature on the S/S of liquid wastes and slurries with low

solids contents. It was identified here, however, that little work has been reported on the

319
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cement-based S/S of wastes containing primarily solid material. In order to ensure effective
retention and long-term physical stability of a solidified product once consigned to landfill, a
need exists for a complete characterisation of physical and chemical interactions between the
waste and the treatment agent, in this case cement, prior to implementation of the process. The

study for which the results are presented here was launched on this basis.

9.2 Summary of Results

In Chapter 2 a literature review was presented which provided the reader with an
understanding of the chemistry and mechanisms associated with the hydration of cement. A
discussion of retention of metal species in cement-based S/S products was presented. It was
identified that cement chemistry is complex, and, when considering interactions between metal-
laden wastes and cement in an S/S product, isolation of the effect of different metals on cement

hydration is not straightforward.

In Chapter 3, the wastes of interest in this study were characterised. It was found that all
waste products contained high levels of heavy metals, and specifically Cr, which precludes
their direct disposal to landfill. Furthermore, the ferrochrome smelter dusts contain high

levels of mobile zinc.

Based on literature observations and preliminary investigations undertaken by the author,
three operational variables were chosen as being significant in determining the quality and
performance of the S/S products. These are water to solids ratio, cement content and curing
time. To ensure effective setting of the cement - FeCr waste product, a preliminary wash of
the untreated dust was required to remove much of this soluble chromium and other salts
which inhibit cement hydration. Due to the high solids content and fine particle sizes of the
dusts, it was observed furthermore that higher water to solids ratios are required to produce a
workable paste than has been shown to be required for both cement pastes and in other S/S

studies reported in literature (see, for example, Ivey et al (1990) and PCI (1986)).

A fundamental physical and chemical characterisation of the S/S products was presented in

Chapter 4. The following observations were made based on these results. The morphology of
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the solidified FeCr Dust was identified to be significantly different to that of hardened cement
paste (hcp). The “fibrils’ formed duﬁng cement hydration are shorter than those found in hep
and form a less continuous matrix. Furthermore, the Ca:Si ratio in these fibrillar structures is
lower than for Calcium Silicate Hydrate (CSH) found in hardened cement pastes. This was
explained by differing pore solution compositions between hcp and the S/S products which

results in the precipitation of different hydration products.

X-Ray Diffraction (XRD) identified the S/S products to be largely amorphous. Two
crystalline CSH structures found in hardened cement paste were not isolated in the S/S

products. No crystalline Ca(OH), or ettringite were found in the S/S products.

No evidence of metal incorporation in cement hydration structures was found using the
fundamental characterisation tools presented in Chapter 4. The low cement contents
(implying low amounts of cement hydration product formation) suggested that any
incorporation which does occur will be below the limits of the analytical equipment used

here.

X-Ray maps indicated that Cr is often associated with Fe in the S/S product. Fe-Cr
complexes, assumed to be chromites, are suggested to originate from the original ores used in
process. Mercury Intrusion Porosimetry indicated a decrease in pore size and pore volume as
the amount of cement added to the S/S mixture was increased. This is due to more extensive
formation of cement hydration product. Furthermore, higher porosities were obtained as
water to solid ratios were increased. Permeabilities of the S/S products were observed to be
within regulatory requirements. At the end of Chapter 4 a physical and chemical model of the
S/S product was proposed based on observations from literature and the authors own initial
experimental. The rest of the thesis was aimed at exploring further the appropriateness of this

model.

Chapter 5 investigated physical aspects of ther products. The strength characteristics of S/S
products were reported and discussed. In terms of meeting regulatory requirements, it was
found that the Indirect Tensile Strength (ITS) of the S/S products was significantly higher
than that required by statutory requirements for S/S products placed in landfill.
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A number of strength parameters were measured in this work. These had two aims. Firstly, to
provide an understanding of factors which affect bonding and fracture mechanisms within the
product, and secondly, to facilitate the prediction of fundamental strength characteristics from
quick and economical tests. The ITS, as well as K¢ the critical strength intensity factor, the
yield strength, oyg and the plastic zone size, r,, were all observed to be a function of the
operational variables investigated in this work. Cement content causes an increase in the
amount of hydration product present per unit volume. Furthermore, the extent of hydration of
the cement is a function of curing time, as curing can proceed for periods of up to a year. The
water to solids ratio (w/s) determines the porosity of the agglomerate. Hence the strength and
fracture behaviour are a function of the bonding between the solid particles within- and the

porosity of- the agglomerate, which, in turn, are a function of the operational variables.

The stress intensity factor, K¢, and ITS were observed to be strong functions of cement
content and water to solids ratio. K¢ is a measure of the strength and type of bonds between
the individual particles and will thus be related to both the amount of cement hydration

product formed and the porosity of the end product.

The yield strength, 6ys which indicates the load required to permanently deform the solid,
and the plastic zone size, r,, which indicates the size of the zone over which this permanent
deformation occurs prior to fracture, showed the following. Yield strength decreased with
increasing water to solids ratio and increased with increasing cement content. The plastic
zone size increased with increasing cement content. As the solids density within the
agglomerate increases due to increased amount of cement hydration product, the area over
which energy can be spread prior to permanent deformation occurring also increases, and

hence the greater is the plastic zone size.

Values of the critical strain energy release rate for crack propagation, G, showed a wide
scatter in results due to both packing inconsistencies and the fact that errors in calculated
values of K¢ are carried forward into the calculation of G,. For this reason no accurate

comments could be made about the effect of the operational variables on G,.
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A correlation was identified between ITS and K. This is seen to have value in the prediction
of fundamental strength characteristics from easy to use and economical tests. It was
suggested that this correlation could be used to predict K;c. The maximum number of tests

will usually be governed by both time constraints and economic considerations.

Chapter 5 identified strength characteristics to be both a function of amount of water and

cement hydration product in the agglomerate.

Chapters 6 and 7 continued the analysis into a chemical characterisation of the S/S products
via a number of different leaching tests. These included pore water extrusions, the Toxicity
Characteristic Leaching Procedure (TCLP), the Equilibrium Extraction test (EE), the
Sequential Chemical Extraction test (SCE), agitated kinetic tests, the Non-Agitated Kinetic
Test INKLT), as well as pilot scale lysimeter tests. Based on these results, the following

observations were made with regard to chemical aspects of the S/S products:

9.2.1 Solid Decrepitation

Acetic acid, often used as a leachant to simulate an aerobic environment in which microbial
activity is a possibility, was used as lixiviant in a number of the leach tests in this work. The
acid was observed to cause rapid breakdown of the solid structure. In the case of the agitated
kinetics tests and the TCLP of Chapter 6, this was indicated by a reduction in particle size. In
the acid NKLT, a distinct leach front is formed as the acid penetrates the monolith. It was
suggested that removal of Ca from the cementitious products by the acid is responsible for
this observed breakdown. The cementitious products are responsible for maintaining the solid
structure. The removal of Ca from the cementitious products was also suggested in the case of
distilled water leaching, but this process was observed to be slow, and the effect of Ca
removal on solid structure over the time periods studied here was suggested to be
insignificant. In the long-term, however, wastes may remain ina deposit for hundreds of
years. The potential for slow dissolution of the product with an associated release of metals

warrants further study.
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9.2.2 Buffering Capacity of the S/S Products

In both the distilled water leaches and the column leach tests, the buffering capacity of the
S/S product was observed to be sufficient to raise the pH of the leachant solutions to the
alkaline range - in the case of the NKLT to a pH of between 8 and 10, in the EE and the
lysimeter tests to a pH of approximately 11.5. The high pH was suggested to be maintained

due to alkalis, including calcium and potassium hydroxide, released into solution.

In acetic acid leaches the S/S product raised the solution pH from 2.9 to above 4 in the NKLT
and to approximately 5.5 in the TCLP and the agitated kinetic tests. The buffering capacity of

the S/S products was not sufficient to neutralize the acidic leachants.

pH plays a significant role in the release of metals from the S/S products. Some metals were
observed to be contained as insoluble hydroxides in the alkaline S/S products, which

resolubilize if the pH drops. This is discussed further.
9.2.3 Chromium

A small percentage of the total Cr in the sample is contained solubilized in the pore solution,
primarily as Cr(VI). This Cr is readily released into solution when the sample is crushed and
agitated with a leachant in agitated tests such as the TCLP and the EE. Furthermore, in both
acidic and distilled water kinetic tests, it was suggestéd that the rate of release of Cr(VI) is
controlled by diffusion, after surface washoff occurred. Similar behaviour was observed in
lysimeter tests. No Cr(III) was detected in the distilled water leachates and the mild acid
leachates from the column test. Cr(III) solubility is at a minimum between a pH of 6 and 11

and hence is not soluble at the pHs of these leachates.

Cr(III) is, however, detected in low pH leachates from the TCLP, the acid agitated kinetic
tests and acid NKLT. This indicates that some of the Cr in the S/S product is contained as the
insoluble hydroxide species in the pores. This fraction is soluble in acidic environments. The

SCE suggests that this Cr constitutes approximately 4-5% of the total Cr in the S/S product.
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Kinetic tests indicate that release of Cr(III) is also controlled by diffusion, suggesting that the

solubilization reactions are rapid.

In the agitated kinetic tests of Chapter 7 it was observed that higher agitation rates give rise to
lower rates of Cr(VI) leaching. The potential for adsorption of Cr(VI) onto solid surfaces,
with subsequent kinetically controlled desorption, was demonstrated by monitoring the liquid
" phase reduction of Cr(VI) to Cr(III) using Fe(SO), From a zero concentration of Cr(VI), as
time proceeds, more Cr(V1) is released into solution. It was suggested that attrition results in
the formation of new, highly active solid surfaces. Cr(VI) from solution adsorbs onto these
surfaces and slowly desorbs as Cr(VI) in solution is depleted. Higher agitation rates result in
greater attrition, implying a larger surface area for Cr(VI) adsorption and hence less Cr

released in the leach tests.

The SCE suggests a large proportion (~#94%) of the Cr is contained as a stable épecies,
presumably as part of the original dust particle. Mobilization of Cr from the stable dust
particle would be expected to be observed to be a slow mobilization reaction. Cr from the
dust particle was observed not mobilized over the leaching periods studied here and was

suggested to be stable in the original dust core.
9.2.4 Zinc

No Zn was found in the pore solution, EE leachate, distilled water NKLT, or leachate from
the lysimeter column. In these high pH solutions, Zn will precipitate as the hydroxide species,

Zn(OH),.

Zn was found to be released in the TCLP and the acidic NKLT. This indicates the effect of
pH-solubility relationships on the release of Zn. In low pH leachants Zn is mobilized and
released into solution. In Kinetic tests it was observed that intra-solid diffusion is rate
controlling in the release of zinc, suggesting once again that the solubilization reactions are

rapid compared to the diffusion process.
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The SCE indicated that roughly equal proportions of zinc are contained as a species the

release of which is controlled by pH (suggested to be in the Zn(OH), form) and that contained
as a stable, immobile species. Since no reaction-controlled release is observed in kinetic tests,
Zn contained in the stable dust particle is suggested not to be mobilized over the time periods

studied here.
9.2.5 Potassium

Potassium, the solubility of which is less dependant on pH than other metals studied here, is
found in both the acidic and distilled water leachants. Based on observed results, dissolution
of K(OH) is suggested to be significant in determining pore solution pH. Long-term release

of K was controlled by diffusion in all tests, after accounting for surface washoff and

desorption processes.

The calculated diffusion coefficients for K were lower in distilled water than in acid
solutions. It was suggested that the controlling resistance in the case of the acid leaches is
diffusion from the leach front through the leached layer to the surface of the solid. In the case
of distilled water, diffusion through the solid (in which no leached layer was formed) to the

surface controls the rate of leaching.

K was found to be contained in three separate forms:

(i) as species solubilized in the pore solution,

(i1) as that for which release is a function of pH and

(iii)as K which is stable as part of the dust éore.

Once again, no long-term mobilizing reaction was observed, suggesting that the K contained

in the dust core remains stable over the time periods studied here.
9.2.6 Calcium

Large amounts of Ca are released in the TCLP and acidic NKLT tests. Limited amounts of Ca

are present in the pore solutions and EE extracts.
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Calcium was identified in Chapters 2 and 4 to form part of the cement hydration product
matrix. Furthermore, some of the calcium exists in the pore spaces as Ca(OH),, a product of
the cement hydration reactions. The results presented in the kinetic leaching tests of Chapter
7 indicate both reaction and diffusion contribute to the rate of Ca leaching from the S/S
products in distilled water leaches. Release of calcium contained in the pore solutions will be
controlled by diffusion, while slow dissolution of Ca from the cement hydration products in
the distilled water accounts for the reaction contribution to leaching. In acid leaches, the rate
of leaching is controlled by diffusion. Rapid breakdown of the cementitious products is

observed during acid leaching due to acid attack.

The SCE and TCLP indicate that a large proportion of the Ca is mobile in low pH
environments - that is to say, it is readily removed from the S/S product. These results
highlight the fact that the cement hydration products identified in Chapter 4 are readily

broken down via acid attack.
9.2.7 Engineering Implementation

In Chapter 8, a factorial design known as the Central Composite Rotational Design (CCRD)
was assessed for its applicability to characterizing the S/S processes on a laboratory scale.
The CCRD was found to provide an effective tool for determining the effect of process
variables on product responses, and could be used to calculate the values of operational

variables required for maximum strength of- and minimum leaching from- S/S products.

Using the design, all three operational variables of interest in this work were seen to be
significant in determining strength properties of the S/S materials. The effect of the
operational variables on leaching depends on the type of waste treated and the constituent of
interest. This reiterates the need for evaluation of the process for all waste-binder
combinations prior to implementation of the S/S technology bn a large scale. The CCRD

provides a useful tool for carrying out this evaluation.

Furthermore it was hoped to use the CCRD to provide an indication of the existence of a

relationship between strength and leaching behaviour in S/S matrices. Some indication of
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such a relationship was found, although further work should be carried out to confirm its

existence over a wider range of operational variables and different wastes.

Chapter 8 went further to provide some comments about the extension of the results obtained
in this work to large-scale implementation of the technology, and in addition some general

comments about the design and operation of landfill sites were made, including:

(i) Addition of Ca(OH), to the S/S mixture results in improved Cr retention
(i1) The fly ash used in this work had no effect on Cr leaching at short curing periods.

(ii1) Consistency of the fresh S/S mixtures will determine mixing and transport requirements.
9.3 Final Statements on the Model of the S/S Products

In Chapter 4, a model was proposed for the S/S product. It was suggested that the
agglomerate material would consist physically of solid waste particles held together by
cement hydration products, solids crystallizing out of the pore solution and liquid filling the
pore spaces. Both fundamental characterisations of Chapter 4 and strength results of Chapter
5, which indicated the effect of changing process conditions on the agglomerate forming
bonds, showed the significance of the contributions of the three bonding products (hydration

products, crystallized solids and pore liquid) to overall agglomerate strength.

In the development of the model it was suggested that metal retention in the S/S product

could be as a consequence of one or more of the following:

(i) chemical incorporation into cement hydration products,

(i1) precipitation of insoluble hydroxides in the pores,

(iii) in the stable core of the dust products

(iv) adsorption onto solid surfaces

(v) physical encapsulation of solubilized species in the pores due to the tortuous character of

the pore network
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The following was observations were made with regard to the above proposed retention

mechanisms:

(i) Some of the Ca and Mg in the solid was indicated to be found incorporated into the
cement hydration product

(ii) The remainder of the Ca and Mg, as well as some of the Zn and Cr(III), is present
precipitated as the insoluble hydroxide species

(iii) The remaining Cr, Fe and Zn were indicated to be contained in the stable dust cores of
the FeCr Dust

(iv) Cr(VI) and other species found in Chapter 6 to be solubilized in the pore solution were
retained physically due only to the tortuous nature of the pore structure of the
agglomerate. Some potential for the adsorption of Cr(VI) onto solid surfaces, especially

newly created solid surfaces, was identified in Chapter 6.

Based on the results of this work, therefore, the proposed model is suggested to be accurate in

describing of the S/S products studied in this work.

When considering the extension of this model to other waste products, the following is
suggested. The physical structure of other solid wastes which have been solidified with
cement will be similar to that found for the FeCr Dusts. The resultant solids will be
agglomerates of fine solids, bound together by the products of cement hydration (short
fibrillar Calcium Silicate Hydrate structures). The fineness of the solid, as well as the
chemical composition thereof (discussed further below) will affect the extent of formation of
these hydration products. Furthermore, the amount of water used in mixing the S/S products
(dictated by either the residual water in the wastes or the water required to achieve a workable
paste) determines the porosity of the agglomerate and hence affect its inherent strength
properties. This latter observation was highlighted by comparing the FeCr Dust products to
the solidified ETP wastes. -

With regard to the chemical model of other solidified wastes containing similar constituents
as the ones studied in this work, similar retention mechanisms to those observed here can be

expected. No evidence of chemical incorporation of any of the waste constituents, except Mg
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and Ca was found in this work. Metal species which are soluble at the pH of the pore
solutions (such as Cr(V1)) are expected to be physically retained as such or sorbed onto solid
surfaces. Other metal species (Cr(I1l), Zn) may precipitated as hydroxides in the pore
solutions. In the case of other dust products from the ferroalloy industry, a dust core similar
to that observed here, containing stable metal species can be expected. Metals contained in

this core are expected to be stable in the S/S product.

Ca and Mg will exist both in the pore solutions and can be incorporated into the products of

cement hydration. These are easily leached out during acid attack on the solid.

The fate of anions has not been studied in detail here. It has, however, been suggested that
SO,> will form insoluble Ca SO,, while anions such as NO;’, CI" and F~ will remain

solubilized in the pore solutions.

The results presented in this thesis can be used to form a qualitative picture 6f other solid
waste products which have been treated by cement-based S/S. The limitation of the model is
recognised, however, to lie in the fact that quantitative analysis of strength and leaching
characteristics of other solidified waste products will require individual characterisation, and
no predictive statements can be made with respect to these attributes from the results

presented here.
9.4 Directions for Future Work

9.4.1 Practical Aspects of the Implementation of S/S

This work has focused on treatment of two specific wastes from the ferroalloy industry. The
first is a dust product containing high levels of heavy metals. Many other similar dust
products originate from process, all differing primarily with regard to their chemical

composition.

The second type of waste studied here is a metal hydroxide precipitate from effluent
treatment. The origin of such streams will include processes such as the 1 hour water wash

found in this work to be necessary for the treatment of the dusts prior to solidification.
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The building and operation of individual solidification processes for each type of waste
product described above is an expensive and impractical option. For this reason further work
is required to adapt and optimize the solidification process described in this work such that an
integrated waste management system is developed which can satisfactorily immobilize all of
the wastes from process simultaneously. Such a treatment process would have to be relatively

insensitive to variations in the amounts and compositions of the various waste products.

Once an integrated system is developed for waste from a single industry, it would be relevant
to expand the capabilities of such a system to be able to handle a wide variety of hazardous
wastes from a number of industries simultaneously. This would have advantages in improved
monitoring of waste disposal practices (in that disposal is centralized) and may also have

cost-saving benefits.

One aspect of the treatment which warrants further exploration is the use of additives in the
S/S process as a supplement to some of the cement in the process. This is important in three
respects. Firstly, additives have the potential to improve performance of the S/S process.
Secondly, additives may be wastes themselves, in which case the advantage of co-disposal is
found. Finally, since the cost of treatment agents is significant in S/S processes, use of low-

cost additives may have cost-saving benefits.

9.4.2 Recommendations for Further Study of the Fundamental Physical and Chemical
Properties

The following aspects of the fundamental physical and chemical study presented in this work

warrant further investigation:

1. The strength tests used in this work were inconclusive with regard to characterisation of a
process zone ahead of the notch tip in the S/S products. Fﬁrther study to ascertain the size
of such a process zone, and the significance thereof on energy dissipation during loading,
would provide further fundamental information on bonding within- and strength and

fracture of- the S/S products.
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2. The strength - leaching relationship proposed and identified in this work indicates that
simple strength tests such as the ITS can be used to predict and optimize leaching
behaviour, the characterisation of which is more time consuming and expensive to carry
out. This suggests potential for reducing costs in the evaluation of waste-binder
combinations, and should therefore be explored further.

3. Leaching behaviour was characterised extensively during the course of this work. It is
identified, howeiler, that long-term testing, perhaps even in a pilot scale plant, may be
warranted to characterise the effect of product breakdown on leaching behaviour. A
complex model which takes into account the effect of simultaneous chemical and physical
breakdown on leaching behaviour is thus worthwhile developing.

4. The observations of Chapter 7 indicate that long-term dissolution of Ca in distilled water is
possible. The extent to which this occurs, and its implications for solid breakdown,
warrants further investigation in that it has implications for the long-term breakdown of

the product in neutral or alkaline groundwater scenarios.
9.5 Overall Significance of the Study

Results from the study have enabled the development of both a physical and chemical model
of the waste products. This model is of benefit in understanding chemical interactions
between the waste and the cement and the mechanisms associated with the products physical
breakdown. This is suggested to go a long way to predicting the long-term performance of the
waste products, measurable by both long-term retention of metal species and physical

stability.

The study has further relevance in that results have been suggested to be applicable in the
qualitative descriptjon of other similar waste products which have been solidified with
cement. Results from this work therefore form a basis from which an integrated waste
management strategy can be developed whereby the treatmenf of all hazardous waste outputs

from a process may be handled simultaneously.
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Appendix A1 - Procedure for fusion of samples

1. Weigh 0.5g of dry sample with 5 g sodium peroxide (solid).
2. Mix well

3. Samples are placed in a zirconium crucible over a bunsen burner in a fume cupboard and

heated until it is a cherry red liquid.

4. Allow to cool and place the entire crucible in a beaker with 50 ml deionized water to remove

the solid from the crucible.
5. Add 20m] concentrated HCI.

6. Heat the beaker to boiling point and remove the crucible from the beaker and rinse well with

water.

7 Wash the solution into a 100 ml flask and fill to the mark with deionized water and analyse

using AA spectroscopy.

8. Concentration metal in dust = ppm in solution * 200
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Appendix A2 - The Toxicity Characteristics Leaching Procedure
(TCLP)

Procedure

The following is the TCLP procedure as used in the context of this work. It is based on the
TCLP method of the United States Environmental Protection Agency [Code of Federal
Register (1988)].

The materials to be studied must be dry and the particle size must not exceed Smm.

If the sample is of a type not previously tested, so that its acidity/alkalinity is unknown, the

following test is performed:
1. A 10 g sample is mixed with twenty times its weight of deionised water.
2. The mixture is placed on a magnetic stirrer for two minutes and the pH is measured.
2.1 If pH of a solution is < 5.0, the extraction fluid is made by adding 5.7 ml of
glacial acetic acid to 500ml deionised water, then adding 64.3ml 1.0 N NaOH and
diluting to 1 litre with deionised water.
2.2 If pH of the solution is > 5.0, 3.5ml 1.0 N HC1 is added to the mixture. This is
then slurried for 30s, covered with a watchglass, heated to 50°C and held for
10 minutes. After cooling, the pH is measured.

3. If pH < 5.0, the extraction fluid is made as described in 3.1 above.

4. If pH > 5.0, the extraction fluid is made by diluting 5.7 ml glacial acetic acid with

deionised water to a volume of 1 litre.

Samples for which the acidity/alkalinity can be expected to be similar to that of previously

tested materials are immediately subjected to the main part of the TCLP, as described below.
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1. A fresh sample to be extracted is placed with 20 times its weight of the extraction
fluid into a Schott 21 borosilicate glass bottle which is then agitated by end-over-end

rotation for eighteen hours.

2. The slurry is filtered through Whatman’s no 1 filter paper using vaccum filtration. A
sample is further cleaned by filtration through a 0.45 um Millipore filter.

3. The pH of the filtrate is recorded.

4. If necessary, the filtrate is refrigerated before further analysis.
5. Samples are analysed for metal concentrations using Atomic Absorption
Spectroscopy. '

Maximum Limits of Contaminants in TCLP Leachants

The Table below presents the maximum allowable concentrations of metal species in TCLP

leachates before wastes required disposal to landfill [Albanese (1990)].

Element Regulatory Limit, mg/l
Cadmium ' 1.0
Chromium 5.0
Lead 5.0

Mercury 0.2
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Appendix A3 - The Sequential Chemical Extraction Procedure

The SCE, as carried out in the context of this work, requires the following procedure:

Chemicals

0.75 M LiCl with 0.25M CsCl in 60% CH;0H (v/v)
Distilled water

1 M CH;COONa adjusted to pH 5 with CH;COOH
1 M NH,0H.HCl in 25%CH;COOH (v/v)

0.02 M HNO;

30% H,0,

1.2 M CH;COONH;, in 20% HNO; (v/v)

N kLN

Procedure

The sample is dried to constant weight at 60+3°C. The dried sample is ground to pass an
ASTM No. 325 sieve. 0.50g is weighed into a 50ml centrifuge tube.

The different steps are carried out as follows:

1. Extraction of the Ion Exhangeable Fraction (A)

The sample is agitated with 8.0 ml of Solution 1 for 10 minutes and then centrifuged at
approximately 14 000 rcf for 20 minutes. 7.0 ml of the supernatant is decanted and made up
to 25 ml with distilled water. This is acidified to pH 2 and stored in a polyethylene bottle at

4°C.

Add 15 ml distilled water to the test tube to wash the residue. M1x thorougly and discard the

wash water taking care not to lose any of the residue.

2. Extraction of Surface Oxide and Carbonate Bound Metal Ions
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Add 8.0 ml of solution 3 to the test tube containing the residue. Agitate constantly for 5 hours
at room temperature. Centrifuge for 20 minutes at approximately 14 000 rcf. Decant 7.0 ml of
the supernatant, make this up to 25 ml with distilled water, acidify to pH 2 and store at 4°C.
Add 15 ml distilled water to the test tube to wash the residue. Mix thorougly and discard the

wash water taking care not to lose any of the residue.
3. Extraction of Metal Ions Bound to Fe and Mn Oxides

Add 20 ml of solution 4 to the tube containing the residue. Agitate continuously for 2 hours at
room temperature. Centrifuge for 20 minutes at approximately 14 000 rcf. Decant 19.0 ml of
the supernatant and make it up to 50.0 ml with distilled water to be stored at 4°C. Repeat the

washing step in section 2.
4. Extraction of Metal Ions Bound to Organic Matter and Sulfides

Add 3.0 ml of 0.02 M HNO; and 5.0 ml of 30% H,0, to the residue. Heat the mixture slowly
in a water bath to 90+5°C. Agitate periodically. After 2 hours add 3.0ml of 30% H,0, taking
care to avoid excessive foaming and continue heating. After 3 hours add 5.0ml of solution 7
and dilute to 15.0 ml with distilled water. Agitate continuously for 30 minutes. Centrifuge at
approximately 14 000 rcf for 20 minutes. Decant 14 ml of the supernatant and dilute with

distilled water.to make 50.0 ml which are stored at 4°C. Rinse as above.
5. Extraction of Residual Metal Ions

This is carried out using the fusion procedure detailed previously in Appendix...
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A'ppendix A4 - Details of the Agitated Kinetic Tests

The S/S product to be tested is mechanically crushed and sieved. Three different particle size

fractions are tested in the scope of this work:

+8 mm -11.2 mm
+4.6 mm -5.7 mm

fines fraction of <0.5 /mm.

50 g of the material is weighe'd out on a top-loading balance and is placed in a two litre
borosilicate bottle. One litre of extraction fluid is added to the bottle. The bottle is sealed and
agitated on a tumbling device. 5 ml samples of the liquid are extracted using a pipette at
various time intervals. The liquid is filtered through a 0.45 pm filter paper and refrigerated
prior to metals analysis via AA spectroscopy. Cr, Ca and Zn were the only metals explored in

this work.

The two leachants investigated in this work were a 1.0N acetic acid solution and distilled

water. The former was made by diluting 5.7 ml of glacial acetic acid to one litre.

Initially three agitation rates were explored; 15 rpm, 25 rpm,30 rpm. For further testing an

agitation rate of 30 rpm was used.
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Appendix AS - Procedure for the Non-Agitated Kinetic Leach Tests
| (NKLT)

The Non-Agitated Kinetic Leach Test (NKLT) is based on that presented in US EPA (1980). In
the scope of this work rectangular samples were used for the tests, being those remaining from
the three point bend tests of Chapter 5. Sample dimensions were measured using a vernier.
Leachant volumes were calculated based on a liquid volume to surface area ratio of 10:1. In the

present work two leachants were investigated: 1.0 N acetic acid and distilled water.

The first step in the test is to measure surface washoff. The sample is immersed in the leachant
of interest for 30 s. The pH of the solutions are measured and the concentrations of
contaminants of interest determined. Cr, Zn, Mg, Ca, K and Na concentrations are determined

by AA spectroscopy, while Cr(VI) is measured by UV spectroscopy.

Leachants are placed into borosilicate glass botties. The samples are suspended in the solution
using a string harness, and the bottles covered. The bottles are placed in a temperature
controlled room with the temperature set at 25°C. Leachants are changed at the following time

intervals:

Interval 1 2 3 4 5 6 7 8 9 10
Time (h) 2 7 24 48 72 96 120 192 264 336

Leachant renewal is performed as follows: a second bottle is filled with the correct volume of
leachant solution. The sample is removed from the old leachant solution and transferred directly
into the new solution. The old solution is mixed to ensure even distribution of elements in the
solution and an aliquot is extracted and placed in a glass vial. The pH of the solution is
determined and the sample refrigerated prior to analysis. Cr, Zn, Ca, K and Na are once again

determined by AA spectroscopy while Cr(V1) is determined by UV spectroscopy.
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Appendix A6 - Details of the Lysimeter Work

Lysimeter tests were carried out in the glass column presented in Photograph 7-2. Material for
the lysimeter was made with 26% cement and a 0.94 w/s ratio. The material was cured for

approximately 40 days and then crushed to less than 9.5 mm using a hammer.

The leachant solution used in this work was a mild acid made by adding a mixture of
concentrated nitric acid (HNO,) and sulphuric acid (H,SO,) in a 1:1.45 molar ratio to well
aerated distilled water until the solution had a pH of 4.

The material to be tested was packed into the glass column to approximately 190 mm in height.
The solution was sprinkled on at a rate of 230 ml/day pumped in 4 intervals of 2 hours each
-with a 4 hour interval between intervals. Although the rate of leachant addition was observed to
be much lower than the average rainfall in the area where the material was expected to be
consigned to landfill, the rate of sprinking was kept low in order to prevent a flooding scenario
occuring. The effluent liquid was collected on a daily basis and the volume recorded. The
effluents were analysed for pH, Cr, Na, K, Ca, Mg, Si, and Al.



Appendix B - Sample Preparation Technique

(i) Inthe case of dusts, these are washed in distilled water W1th a water to solids ratio of 10:1.
Agitation is via an overhead stirrer at 2000 rpm for one hour at 25°C. The slurry is filtered -
using a pressure filter to 32 = 1% moisture (w/w) and the filter cake stored in a sealed
container to prevent water loss.

(i1) The water content of the filter cakes is determined by drying a representative sample in an
oven at 60°C until constant mass.

(iii) The required cement addition is calculated based on the dry mass of the filter cake used
(see section 3.2.3).

(iv) The cement and filter cake are mixed in a paddle mixer for a minimum of 5 minutes. The
extent of mixing required depends on the consistency of the mixture. The amount of water
present in the mixture determines the fluidity of the paste and hence the time required to
ensure effective mixing.

(v) During mixing, distilled water is added to make the water content up to the desired water to
solids ratio (see section 3.2.3). It was suggested that there would be no added benefit in
using deionized water over distilled water as the former quickly equilibrates with air.

(vi) The mixture is placed into moulds in which the sample sets to form an aggregate of
dimensions which allow for meaningful characterisation via strength tests (see Chapter 5
for details of different sample dimensions used in this work). |

(vil) The moulds are vibrated on a vibrating table for a minimum of three minutes to remove
entrapped air. ,

(viii) Moulds are placed in sealed buckets which contain an open beaker of water to ensure
constant humidity. Curing takes place at room temperature. After 2 weeks samples are
removed from the moulds and left in the buckets for the required curing time prior to

testing.
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Appendix C1 - Derivation of Equation (5-26)

From equation 5-24, for unstable crack propagation,

£>0
da

and, equation 5-25 gives:

G=_1_(§)2d_c.
2B\C/ da

Substituting 5-25 into 5-24 gives:

{539

da

>0

At failure, the deflection is not a function of a. Hence x and B are constants (>0), and can be

removed from the equation, giving:

d(C'2 Q—C—)
da

da

>0
By the chain rule this becomes:

99.£+c-2.——d(d%a) >0 |
da da da

or:

2% € L8

da da da?

>0

Rearranging gives:

P 2
C d——?— > Z(Q—C—)
da da

which is equation 5-26.
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Appendix C2 - Derivation of Equation (5-27)

Equation (5-21) gives

o= ¢ =c.( dC J (5-21)
dC/d(a/ W) d(a/ W)

taking the derivative with respect to /W gives:

d _ dC ( dc j_—l.C.( dC ) d’C

d(a/W) d(a/W)'\d(a/W) d(a/W)) ‘d(a/W)? "
—1—c( dc ]'2 d’C
\d(a/W)) “d(a/W)?
Now,
dc__dC  d@/Ww) _ _dC _£(d(a/W))'l L
da d@@a/wW) da da/W) da'\ da
This gives
dC dc 1 dc
d@/W) da (1/W)  da (D
and
d*C __d_( dc d(a/W)j
d(a/W)? da\d(a/W) da
Iv)

_d@@/Ww) d d*C N dC d*a/W)
da dad(a/W)? d(a/W) da®

From (111}, and that d @/W)/da® = 0, (IV) becomes:
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d*C

—_— = —I—-.W. == (V)
d(a/ W) W da da“
Substituting (III) and (V) into (I) above gives:
-2 2
d¢ =1—C.(W9—€) .d (,: (VD
d(a/ W) da da“
Now, from equation (5-26),
2 2
C% > 2(£) (5-26)
da da
Equation (VI) gives:
2 -2
d¢ <l- 2(92) (Wig)
d(a/ W) da da (VID)
<1-2.W7
Since 2W™ is always greater than zero,
I B - (5-27)
d(a/ W)

Which is equation (5-27). Note that W cannot be zero, a condition that will always hold since

a sample W must be greater than nothing.
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Appendix C3 - Derivation of Equation (7-7)

The initial and boundary conditions' used in this development were discussed in the main

body of the text and are given as:

(i) The sample being tested is infinite or c4=c 4, as x—> cofor all t, where c, 1s the
concentration of contaminant A at position x measured inwards from the surface of the solid

and ¢, is the initial concentration of A in the sample.

(ii) Concentration at the surface of the slab is constant and equal to the concentration in the
bulk, or ¢,=c, s=c; at x=0 for all t. Transport from the solid surface to the bulk liquid is
assumed to be rapid compared to transport through the solid to its surface. This assumption is

valid for any materials in which diffusion through the solid material occurs [Levenspiel
(1979)].

(i1i) The contaminant is distributed homogeneously in the solid to be tested at the start of the
leaching period or c,=c,, at t=0 for all x. This can be achieved by effectively mixing the

waste-cement combination during sample making.

The following development is based on Welty et al (1 984). Consider a rectangular slab of
material. Using the initial and boundary conditions above, equation (7-5) can be solved to
give the concentration profile across the slab. Assume one-dimensional mass transfer in the x-
direction of a component from the slab into the bulk solution. One dimensional transfer can

be pictured as sealing the y and z faces of the slab with an impermeable membrane.

With no reaction term, equation (7-5) gives in one dimension:

Zs-p, 2 ®
with initial and boundary conditions:
C=Cag at t=0 forall x
CA=CAS at x=0 forall t
CA=Ca0 as Xx— o forall t

The variables in equation (I) may be expressed in dimensionless form as follows:

' Note that this development is for cartesian coordinates, since samples used in testing are rectangular slabs.
These initial and boundary conditions, and the subsequent development, can be altered for other geometries.
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-.c X D.t
_QC_A.__A_O)__—_ =, ___g__) (11
(ca,s -€A0) X1 xj :

where X is the distance from the surface of the slab and x, is a characteristic dimension. Since
there is no finite characteristic dimension in a semi-infinite solid, the equation becomes (c,-
Ca0)/(Cas-Cao) =ADX?), or with equal validity, (ca-cao)/(C s-Cag) = AXADH™). Now,
selecting n= X/(2(Det)°'5) as the independent variable and Y = (c5-Ca0)/(Ca s-Cap) as the

dependant variable, equation (I) above gives:
d*Y/dn® + 2ndY/dn =0 (I11D)
with the revised boundary and initial conditions as:
Y—>0 as n—>

and Y=l at n=0

Integrating equation (III) once gives:

In (dY/dn) =c¢, -0’ | (V)
or
dY/dn=c,e™? (V)
Integrating again gives:
Y=c3+cp [e dn (V)

The integral is commonly known as the error function, erf, where
erf($) = —= j:f e dn (VID)
Jr ’ _

Values of erf ¢ for various values of ¢ are presented in standard texts. Now, applying the

boundary conditions to equation (III) gives:

Y=1-—erf{ X ] (IX)

JDet

or
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— - C X
-CL._C_QO_ =1- erf(_X.o?) or &S__A_ = erf(______a?]
Cas ~Cao (4D )" Cas ~Cao (4D.t)

X)

Here X is the distance from the edge of the slab, ¢, is the concentration of A at point X, cag 18
the initial concentration of A in the sample, c, s is the concentration of A at the surface of the
slab, t is the time from the start of the leaching test and erf is the error function.

To express the leaching in terms of the fraction of the contaminant leached out of the slab, the
above concentration profile is integrated across the entire slab. Still considering 1-directional

mass transfer, the fraction of contaminant leached is then given by [Batchelor (1990)]:

L
M, 1
——=——|(capg —Cx)dX X1
My LCOOI< A0 =CA) (XID)

where M/M, is the fraction of contaminant leached at time t. Substituting in equation (X) and

solving gives:

0.5 '
NER
0

where M,/M, is the fraction of contaminant leached at time t and L is the distance from the
“edge of the slab to its centre. In order to evaluate D, from an experimental results the fraction
of a contaminant leached is plotted as a function of square root of time. Provided the above
diffusion analysis is appropriate to describe leaching, and the above initial and boundary
conditions hold, a straight line should be observed. The slope can be used determine the value

of D, using the above equation.

The above development is for one-directional leaching. In practice, however, tests are carried
out on rectangular, spherical or cylindrical samples in which leaching occurs from all sample
faces. To account for leaching from more than one face, the length parameter L in the above
equation can be replaced by the ratio of volume to surface area of solid, V/S [Bishop (1986),
Coté and Isabel (1984), Godbee et al (1980)].

M 4D \*
__‘=_S_( e) 03 (7-7)
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Appendix D1 - Continued

Appendix D
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Appendix D2 — Full Set of Results from the TCLP on the Solidified

FeCr Dust
Cement W/S Curing pH Cr - Zn Ca K Si Na Mg Fe
Content (days)
10.0 1.0 104 53 15.2 350 832 95 286 79 181 86
14.1 0.9 59 6.1 15.6 407 1261 107 477 76 157 12.7
14.1 0.9 149 59 10.4 . 366 1319 151 291 89 166 52
14.1 1.0 59 6.2 11.4 421 1279 89 292 122 257 5.1
14.1 1.0 149 5.8 10.5 360 1286 142 303 51 159 54
14.1 1.0 434 57 -.13.0 320 1078 nm 142 nm 223 nm
200 0.9 54 6.6 9.7 196 1303 nm 185 nm 137.5 nm
20.0 0.9 89 6.5 13.7 216 1313 nm 160 nm 174.5 nm
20.0 0.9 104 6.3 8.4 212 1534 139 57 76 178 6.7
20.0 0.9 111 6.4 9.9 238 1215 nm 202 nm 137 nm
20.0 0.9 131 6.5 10.6 247 1206 nm 224 nm 133.5 nm
20.0 0.9 295 6.4 8.7 225 1208 nm 151 nm 135.5 nm
20.0 1.0 20 6.5 6.6 163 1406 nm 119 nm 73 nm
20.0 1.0 28 6.7 9.5 178 1380 79 446 75 185 46
20.0 1.0 104 6.7 9.4 303 1100 87 154 82 183 1.9
200 1.0 104 6.6 9.3 316 980 82 208 77 179 2.8
20.0 1.0 104 6.7 9.3 288 1050 77 228 66 157 3.8
20.0 1.0 180 7.3 9.3 257 1612 91 253 101 201 3.8
200 1.0 196 6.5 8.4 226 1163 nm 162 nm 133.5 nm
20.0 1.0 419 6.3 8.7 230 1145 nm 166 nm 138.5 nm
20.0 1.0 451 6.3 10.6 206 1351 nm 112 nm 183.5 nm
20.0 1.0 493 6.3 8.5 239 1168 nm 163. nm 140 nm
20.0 1.1 104 6.1 12.4 297 1436 140 77 69 174 10.8
25.9 1.0 149 6.6 8.6 131 1726 117 62 100 159 0.0
259 0.9 59 7 6.8 144 1278 125 68 70 136 0.8
259 0.9 149 6.7 9.6 193 1552 189 75 59 131 5.1
259 1.0 59 6.9 8.0 201 1550 114 nm 107 130 14
26.0 0.9 116 6.6 11.2 155 1385 nm 95 nm 202.7 nm
30.0 1.0 104 6.9 8.6 111 1392 127 273 125 162 0.3
30.0 1.0 230 6.6 10.8 140 1375 nm 103 nm 202 nm
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Appendix D3 - Results from the Sequential Chemical Extraction

Results are presented as the metal extracted in each step as a
percentage of the total in the original sample.

20% cement, 1.5 wis, 104 days

curing

Stage Cr Zn Si Fe Mg Mn Ca

Step 1 0.2% 0.0% 0.1% 14.7% 0.0% 0.2% 0.2% 2.2%
Step 2  47%  32.3% 6.1% 6.8% 376% 289% 16.6% 98.4%
Step 3 0.4% 1.7% 09%  2.4% 5.3% 5.0% 2.8% 1.1%
Step 4 1.1% 2.5% 0.9% 3.1% 1.2% 3.4% 2.2% 0.1%
Step 5 37.9%  28.8% © 48.5% 26.0% 29.3% 0.3%
Total Rec 443%  65.3% 7.9% 756% 44.1% 63.5% 51.0% 102.2%

30% cement, 1.4 wis, 104 days
curing

Stage Cr Zn Si Fe Mg Mn Ca

Step 1 0.2% 0.0% 0.1% 13.1% 0.0% 0.1% 0.2% 2.1%
Step 2 49% 37.5% 8.5% 8.0% 400% 334% 19.9% 90.2%
Step 3 - 0.5% 2.1% 1.0% 2.1% 5.2% 6.1% 3.3% 1.1%
Step 4 1.0% 2.6% 1.1% 3.1% 0.9% 3.3% 2.0% 0.1%
Step 5 38.7% 29.0% 42.9% 16.4%  26.0% 0.2%
Total Rec 453% 71.2% 10.7% 69.2% 46.2% 59.4% 51.5% 93.6%

50% cement, 1.1 wis. 104 days

curing

Stage Cr Zn Si Fe Mg Mn Ca

Step 1 0.2% 0.0% 01%  34.8% 0.0% 0.1% 0.2% 1.2%
Step 2 6.3% 482% 158% 126% 600% 525% 32.8% 88.6%
Step 3 0.4% 1.9% 0.7% 1.4% 6.2% 5.8% 5.0% 1.1%
Step 4 0.9% 1.8% 1.1% 2.9% 1.0% 3.8% 2.2% 0.5%
Step 5 36.1% 29% 46% 0.0%
Total Rec 439% 809% 17.8% 97.7% 67.2% 62.2% 401% 91.5%

75% cement, 0.9 wis, 104 days

curing

Stage Cr Zn Si Fe Mg Mn Ca

Step 1 0.1% 0.0% 01% 351% 0.0% 0.1% 2.4% 0.8%
Step 2 6.8% 508% 244% 149% 659% 54.4% 3762% 94.5%
Step 3 0.5% 1.6% 0.8% 1.1% 6.0%  51% 56.2% 1.1%
Step 4 0.9% 1.9% 1.3% 2.6% 1.0% 3.0% 2.1% 0.1%
Step 5 342% 16.0% 24.0% 6.8% 177.2% 0.1%
Total Rec 425% 704% 26.6% 77.7% 72.9% 69.5% 614.2% - 96.5%
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Appendix D4 - Experimental Results from the Ly'simeter Column

(all days since breakthrough)

pH Cr Cr(Vl)
day pH day mg/l day mg/l
1 11.2 1 160 1 156
2 11.7 2 169 2 162
3 11.7 3 169 3 166
4 11.2 4 170 4 165
5 11.4 5 170 5 162
6 116 6 171 6 163
7 11.4 7 165 7 161
8 11.7 8 160 8 159
9 11.4 8 158 10 145
10 11.3 10 143 12 135
12 11.7 12 132 14 117
14 11.7 16 96.9 16 102
16 1.9 20 72.6 19 84.8
19 114 24 56.1 20 76.9
20 1.3 28 45.8 24 60.4
22 11.4 32 37.1 28 48.7
24 1.4 35 32.8 32 431
28 11.5 40 283 35 40.9
32 11.8 45 221 40 345
35 1.7 50 17.9 45 27.8
39 12.0 55 15.2 50 227
44 11.8 60 13.6 55 16.0
49 11.7 67 14.3 60 14.2
54 11.8 74 13.1 67 15.2
59 11.7 81 12.0 74 133
66 11.5 88 10.7 81 12.3
73 116 88 12.6 88 10.7
80 11.8 95 12.0 g5 10.4
87 11.7 102 1.4 102 10.1
94 11.7 109 11.2 109 9.72
101 11.9 117 13.3 117 11.5
108 11.9 133 7.40 117 11.4
116 116 139 7.47 133 6.56
131 11.1 143 7.54 - 139 6.95
137 11.2 152 7.04 145 7.03
143 11.1 152 6.60
150 11.1
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(all days since breakthrough)

Appendix D4 - Continued

K Ca Si Zn
day mgl/l day mg/l day mg/l
1 980 1 23.1 1 69.5
2 1018 2 32.8 2 67.8 negligible at
3 1002 3 38.9 3 66.6 all times
4 994 4 435 4 65.8
5 988 5 432 5 67.4
6 1006 7 30.1 6 67.7
8 1221 8 30.0 7 69.4
12 1122 10 11.6 8 71.6
16 810 12 9.20 8 77.4
20 691 16 7.86 10 90.8
24 601 20 7.14 12 105
28 554 24 6.27 16 136
32 512 28 6.56 20 176
35 456 32 6.46 24 199
40 422 35 6.20 28 222
45 399 40 6.22 32 233
50 399 45 6.47 35 248
55 408 50 6.28 40 254
60 413 55 6.26 45 260
67 430 60 5.65 50 270
74 443 67 5.07 55 © 272
81 447 74 5.22 60 286
88 | 440 81 578 67 281
95 318 88 571 74 297
102 294 88 5.12 81 288
109 344 95 5.02 88 294
117 325 102 5.12 88 294
133 253 109 5.03 95 296
139 245 117 5.30 102 292
143 276 133 4.45 109 291
152 267 139 4.75 117 281
143 5.25 132 265
152 455 139 263
143 260
152 261
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Appendix DS - Results from the Experimental Design

Trial No

Waste ITS pH Cr Mg Ca Zn
(MPa)
ETP 1 1 0.05 5.40 133 69.2 1496 nd
ETP 1 2 0.29 7.30 0.23 48.8 1778 nd
ETP 1 3 0.32 7.00 0.4 304 1407 nd
ETP 1 4 0.39 7.40 0.41 304 1374 nd
ETP 1 5 0.02 5.40 1.8 44.8 1125 nd
ETP 1 6 0.26 7.60 0.28 47.9 1785 nd
ETP 1 7 0.04 5.50 1.21 42 1176 nd
ETP1 8 0.03 5.50 0.95 65.6 1508 nd
ETP 1 9 0.26 6.40 0.25 36.3 2018 nd
ETP 1 10 0.10 5.80 0.37 3561 1827 nd
ETP 1 11 0.03 5.30 0.5 54.5 1521 nd
ETP 1 12 0.33 8.30 0.82 18.6 1237 nd
ETP 1 13 0.14 6.20 0.7 47.9 1832 nd
ETP 1 14 0.20 6.20 0.3 40.9 1568 nd
ETP 1 15 0.24 6.40 0.14 349 2064 nd
ETP 1 16 '0.20 6.30 0.16 353 2124 nd
ETP1 17 0.16 6.10 0.17 346 1952 nd
ETP1 18 0.20 6.20 0.13 34.9 1970 nd
ETP1 19 0.18 6.20 0.15 35 1940 nd
ETP 1 20 0.22 6.30 0.13 353 1983 nd
Waste Trial No ITS pH Cr Mg Ca Zn
(MPa)
ETP 2 1 0.09 5.6 1.75 40.2 1751 nd
ETP 2 2 0.04 7.5 4.58 29.8 1943 nd
ETP 2 3 0.29 7.4 3.79 33.5 1843 nd
ETP 2 4 0.35 7.5 4.79 31.8 1821 nd
ETP 2 5 0.07 55 247 43.1 1505 nd
ETP 2 6 0.01 7.9 6.22 28.7 1937 nd
ETP 2 7 0.12 5.8 1.82 454 1476 nd
ETP2 8 0.08 57 2.86 41.5 1773 nd
ETP2 9 0.31 6.7 2.09 37.6 1833 nd
ETP2 10 0.22 6.4 1.83 38 1823 nd
ETP2 - 11 0.06 5.5 3.83 565 888 nd
ETP2 12 0.28 8.2 6.42 27.9 1793 nd
ETP 2 13 0.18 6.9 2.17 49.5 1726 nd
ETP 2 14 0.23 6.5 1.94 33.9 2192 nd
ETP 2 15 0.26 6.7 2.06 376 1682 nd
ETP 2 16 0.30 6.8 2.26 371 1726 nd
ETP 2 17 0.29 6.7 2 38.4 1756 nd
ETP 2 18 024 6.6 1.98 372 1671 nd
ETP 2 19 0.30 6.5 226 37.3 1643 nd
ETP 2 20 0.28 6.6 2.14 37.7 1716 nd
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Appendix D5 - Continued

Waste Trial No pH Cr Mg Ca Zn Na

FeCr Dust 1 6.2 1136 257 1279 421 122
FeCr Dust 2 6.9 7.97 130 1550 201 107
FeCr Dust 3 6.6 8.62 159 1726 131 100
FeCr Dust 4 6.7 9.6 130.9 1552 193 59
FeCr Dust 5 5.8 10.5  158.95 1286 360 51
FeCr Dust 6 7 6.8 136.4 1278 144 70
FeCr Dust 7 5.9 104  165.75 1319 366 89
FeCr Dust 8 6.1 15.64 157 1261 407 76
FeCr Dust 9 6.3 8.415 177.5 1534 212 76
FeCr Dust 10 6.1 12.435 173.5 1436 297 69
FeCr Dust 11 53 15204 180.5 832 350 79
FeCr Dust 12 6.9 8.636 161.5 1392 111 125
FeCr Dust 13 6.7 9.498 185 1380 178 75
FeCr Dust 14 7.3 9.3 2014 1612 257 101
FeCr Dust 15 6.7 9.3755 146.2 1120 251 64
FeCr Dust 16 6.7 9.4435 158.03 647 261 112
FeCr Dust 17 6.8 9.52 12495 757 271 75
FeCr Dust 18- 6.7 9.36 183 1100 303 82
FeCr Dust 19 6.6 9.28 179 980 316 77
FeCr Dust 20 6.7 9.32 157 1050 288 66

Itis noted that these are the same results as presented in Ch 6 for the solidified FeCr
Dust. They have been repeated here to show their position in the CCRD matrix



Appendix E - Values of Z as a Function of r
[Miller and Freund (1985)]

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

~

0.000 0.0t0 0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090
0.100 0.110 0.121 0.13t 0.141 Q.151 g.161 0.172 0.182 0.192
0.203 0.213 0.224 0.234 0.245 0.255 0.266 0.277 0.288 0.299
0.310 0.321 0.332 0.343 0.354 0.365 0.377 0.388 0.400 0.412
0.424 0.436 0.448 0.460 0.472 0.485 0.497 0.510 0.523 0.536
0.549 0.563 0.576 0.590 0.604 0.618 0.633 0.648  0.662 0.678
0.693 0.709 0.725 0.741 0.758 0.775 0.793 0.811 0.829 0.848
0.867 0.887 0.908 0.929 0.950 0.973 0.996 1.020 1.045 1.07¢
1.09% 1127 1.157 1.188 1.22) 1.256 1.293 1.333 1.376 1.422
1.472 1.528 1.58% 1.658 1.738 1.832 1.946 2.092 2.298 2.647

*For negative values of r put a minus sign in (ront of the corresponding Z's, and vice versa.
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Appendix F1 - Development of the CCRD Matrix

1. The variables (X;,X,,X;) and the maximum and minimum values of interest are defined. The
following matrix is set up, whereby each of the variables is tested at a high and a low value
while keeping the other two variables at their intermediate values. These tests are known

as the ‘axial’ tests of the design and define the space of interest.

Variable Ax 1 Ax 2 Ax3 Ax 4 Ax S Ax 6
X, low high med med med med
X, med med low - high med med
X3 med med med med low ~ high

2. A factor y is now introduced. Any value may be used for y, but if y is set to 1.682, the
design will be most practical to implement [Diamond (1989)]. The high, medium and low
values of the above variables (the axial trials) are now defined as being at y, 0 and -y
respectively, being known as the ‘coded’ variables. The above table now looks like this in

coded form:

Variable Ax 1 Ax 2 Ax 3 Ax 4 Ax 5 Ax 6
X, -\ ] 0 0 0 0
X3 0 0 -y v 0 0
X3 0 0 0 0 -y

3. The next trials to be defined in the factorial design are the ‘Hadamard Matrix’ trials (for a
full discussion of Hadamard Matrices see Diamond (1989)). Still using coded coefficients,

by definition the star experiments are at variable values of -1, 0 and +1. The star trials look
as follows:

Variable St1 St 2 St3 St 4 StS Sté6 St7 St8

X, -1 1 1 -1 1 -1 -1

t
x| 1 I 1 1 1 1 1 1
1
X3 -1 -1 1 1 U | 1 1

4. In order to get the actual values of the variables in the star trials from the coded variables,

vy 1s set to half the ranges of the variables. Take for argument variable x,. A scaling factor
is obtained as follows:

Scale of x;: 1.682 X; = (X max - X} min)/2
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This gives:

X; = (Xi.max = X1.min)/(2*1.682) actual units per coded unit

The actual value of x, calculated from the coded units in the above table is thus given by:

- (xl;max - xl.min) +
xl.actual - xl.coded 7 %1682 xl.median

5. The final tests in the experimental design are the ‘centre point” trials. For a 3-variable, 3-
level design, Diamond (1989) recommends carrying out 6 centre trials at values of x;, X,
and x; of med, med, med (or 0, 0, 0 in coded terms). The factorial design matrix is now
given by the following table, with the Hadamard matrix trials as 1-8, the star trials as 9-14
and the centrepoint trials being 15 - 20. The trials are represented schematically in Figure

8-1.

Trial No Xy X3 X3 Trial No X, X, X3
1 1 -1 -1 11 0 -y 0
2 1 1 -1 12 0 Wy 0
3 1 1 1 13 0 0 -y
4 -1 1 1 14 0 0 W
5 1 -1 1 15 0 0 0
6 -1 1 -1 16 0 0 0
7 -1 -1 1 17 0 0 0
8 -1 -1 -1 18 0 0 0
9 -y 0 0 19 0 0 0
10 W 0 0 20 0 0 0

6. The actual values of the variables are calculated for each of the trials, the experiments are
~ performed. The following matrix is set up with R1 to R20 being the results from the 20

experiments above:
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TRIAL T X X, X3 X, X,  X3° X Xs X;X3 X;X; Result
HADAMARD MATRIX
TRIALS
1 1 1 -1 -1 1 1 1 -1 -1 1 R1
2 1 l 1 -1 1 1 1 1 -1 -1 R2
3 1 1 1 1 1 1 1 1 1 1 3
4 | -1 | 1 1 1 1 -1 -1 1 R4
5 1 1 -1 1 1 1 1 -1 1 -1 RS
6 1 -1 1 -1 1 1 1 -1 1 -1 R6
7 1 -1 -1 1 1 1 1 1 - -1 -1 R7
8 l -1 -1 -1 1 | 1 1 1 1 R8
STAR TRIALS
9 1 -1.682 0 0 2.828 0 0 0 0 0 R9
10 1 1.682 0 0 2.828 0 0 0 0 0 R10
11 1 0 -1.682 0 0 2.828 0 0 0 0 R11
12 1 0 1.682 0 0 2.828 0 0 0 0 R12
13 1 0 0 -1.682 0 0 2.828 0 0 0 R13
14 1 0 0 1.682 0 0 2.828 0 0 0 R14
CENTER '
TRIALS
15 1 0 0 0 0 0 0 0 0 0 R15
16 1 0 0 0 0 0 0 0 0 0 R16
17 1 0 0 0 0 0 0 0 0 0 R17
18 1 0 0 0 0 0 0 0 0 0 R18
19 1 0 0 0 0 0 0 0 0 0 R19
20 1 0 0 0 0 0 0 0 0 0 R20

7. The terms in each column are multiplied by the result and each column is summed. Finally,

the coefficients in the model equation are calculated using:

2y = 0.1663402267 =T - 0.05679210581 (£x,% + £ x,2 + X x;°)

a; = 0.0732233047 (=)

a; = 0.062500 (Zii) + 0.00689003779 (Zx,*+ £ x,° + T x;2) - 0.05679210581 =T
a; = 0.125000 (Zij)

. .. 2 2 2 .
where 1= xy, X; or X35 11 = X, or X" or x;°, T = total; ij = x; X, X, X3 OF X X3

Summing these terms thus gives equation (8-2).
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Appendix F2 - Use of the Factorial De»sign Spreadsheet

The MS - EXCEL (Qer. 5) spreadsheet is found on the attached disk, saved under the filename
CCRD.XLS.

Design and model calculations appear on the sheet named CCRD model

Variable names and high and low variable values are entered in cells R5 to U7 (hotkey for

getting to these cells is CTRL D). The median value is calculated automatically.

The experimental design matrix (described in Appendixfl) appears in cells Q25 to T30 (hotkey
CTRL E). The tests are run according to this matrix.

Results are entered in cells V25 to V50 (CTRL R).
The model equation coefficients are calculated and appear in cells AQS5 to AQ14 (CTRL M).

The significances of each of the variables on the response is calculated at three different
confidence limits : 0.9, 0.95 and 0.99. These appear in cells AU6 to AW 14.

Three plots are presented in the workbook, each with one variable held constant. These are on
Gra cur cons, Gra cem cons and Gra w-s cons respectivelly. The constant variable value is
specified in cell A15 of the sheet titled Greales for the appropriate graph. If variables other than

w/s, cement content and curing time are used, the graph texts must be updated manually.

Use of the SOLVER Routine for Optimization of the Variables

1. Go to sheet entitled Optimiz

2. Select TOOLS, SOLVER from the menu

3. Set Target Cell = $C$7

4. Select Max for Strength or Min for leaching

5. By changing Cells $B$3:$B$5

6. Subject to the Constraints B33 <=$GS%6
$BS$3 >=§$HS6
$B$4 <=3$G$7
§B%4 > = §HS7
$B$5 <=3GS8

$BS$5 >=$HS$8



The Central Composite Rotational Design 381

7. Select SOLVE ‘
8. The optimal variable values are given in cell B3:BS, the response variable at that value is

given in cell C7.
9. It is noted that the ultimate solution depends on the initial values in cells B3:B5. A number

~of different first approximations should be used in these cells to determine the true

optimum.
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Appendix F3 - Model Coefficients and Optimal Variable Values

established from the CCRD
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