SPACE

https://dspace.org/

Durability and strength assessment of copper slag

concrete
Boakye, Daniel Mensah

2014-09-03
http://hdl.handle.net/10539/15369

Downloaded from a DSpace repository. https://dspace.org/


https://dspace.org/
http://hdl.handle.net/10539/15369
https://dspace.org

Chapter One

1.0 Introduction

1.1 General Information

South Africa like many other countriess witnessing a rapid growth in the
construction industryinvolving the use of natural resources for the development of
infrastructures. This growth is jeopardized by the lack of natural resources that are
available. Natural resources are depleting worldwislkile at the same time the

generated wastes from timelustry are increasing substantially {#dbri, 2009).

Slag, the glassy materials left when metals are either hydrometalluygical
pyrometallurgicy extracted from their oresn the metallurgical industries have
previously been considered a wasteoguct (Goraiet al., 2002. Waste from
extractive industries are therefore to be properly managedrder to ensure in
particular the long term stdiby of disposal facilities,to prevent or minimise any
water and soil pollution arising from acid or alike drainageandthe leaching of
heavy metal{European @mmission, 2012). Current management options of slags
are recyclingand recovering of metal, production of value added products and the

disposal in slag dumps, stockpiles or tailing dams.

Over theyears rigorous environmental impacts have been associated with copper
tailings dam failure. According to Grimadt al., (1999) approximately 2 million tn

of mud containing heavy metals were spread over 4286 ha of land and surface water
during the 1998 Aazalcollar tailings pond failure in Spain. Lungu (2008) also
highlighted that, the year 2000 tailings spillage of Nchanga Copper Processing Plant
in Zambia released high concentrations of heavy metals into the nearby surface water,
thereby contaminating tHecal source of water supply. Similar contamination of the
Katamanda River in Lubumbashi, Democratic Republic of Cowgs also observed

by Mutomboet al.,(2011). Accordingo the authors, metallic trace elements such as
Cu, Co, Cd, Pb, and Zn are freouly dispersed into the Kataman@aer due to an

l|Page



adjacent hga of slag tailings produced by Electronic Found®gnda copper plant
(FEP)in Lubumbashi.

Industrial waste and bgroducts such as coal fly ash, pulverized fuel ash, blast
furnace slag andilica fume have been successfully used in the constructdusiry

as either binders opartial replacement of finerccoarse aggregates in concrete.
Researchers across the world are developing waste management strategies for

specific needs which are samableand environmentally friendly

1.2 Justification

Although there are numerous studies that assess the suitability of copper slag as
firstly, a replacement of Portland ceme(ats abindel) and secondly,aggregatesn
concrete;many of these studidsave focussed on the strength properties with little
emphasis on the durabilitiNevertheless, y limited research has been carried out

in subSaharan Africa concerning the incorporationcopper slagn concrete.This
research was performed in ordeEr generate specific experimental data on the
potential use otopper slagasa cement nglacement in concreteandto assessts

suitability as a concrete fine aggregate

Utilisation of copper slagn concrete has the dual benefit of eliminating the cofkts
disposaland lowering the cost of the concrg@i@ductionin construction especially,
in regions vihere a consderableamount is producedThis will lead to sustainable

concrete dsign and a greener environment.

1.3 Aim and Objectives

The aim of theesearch report is to assess the performamzl durability of copper
slagaspartial replacement d?ortland cementHC) inconcrete Based on the alve,

the specific objectives are:
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1. Assessment of the physical characteristics of granulated copper skg as
comparison to conventional fine aggregates (sand) used in concrete
production.

2. Investigation of the chemical oxides and mineralogical composificogper
slag, as well as, thetal thieshold leaching characteristitts check the limit
of trace metalpresent in the slag.

3. Evaluation of the compressive strength development of pulverised copper
slag as partial replacement of Portland cement using three different curing
methods.

4. Determinationof the flexural strength development of pulvedscopper slag
concretecured in water

5. Assessment of the long@rm durability performances gfulverised copper

slag as partial replacement of cemiantoncrete

1.4 Scope

The study builds on and coritites to the development of neenvironmentally
friendly bindersin concrete.In this study, the effect of using copper slag in
improving the strength and durability of concrete properties was thoroughly
investigated.

Pulverised copper slag was addto Portlandcement paste and concrétevarying
proportions rangindgrom 0O; 2.5;5; 10 and 15% replacingortland cemenity weight

Prior to pulverizingthe coppergranulesinto powder, the granulated copper slag was
assessed for its physical characteristiesaggregategrading water absorption and
relative density as a comparison to conventional fine aggregates (sand) used in

concrete production.

1.5 Limitations

This research study is limited to only-reinforced concrete specimgiCuring ofthe

concrete samples was only considergdto 90 days due to limited mhe frame.
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Assessment of the durability of the concrete specimen for carbonation depth was also
not studiel. Production of concrete with granulated copper slag as partial replacement
of sand was excluded due to limited quantity of the slag sl is highly

recommended for further studies

1.6 Structure of Research Report

The research report is organized into five chapt@isapter onedescriles the
motivation for the development and usé copper slag in concrete technology.
Chapter tworeviews theliterature on the history andeaction mechanisms of
pozzolans and slagss cementitious material. The hydration mecsanof Portland
cement,the use of copper slag in concrete technolagyg various durability test
performed on concreteere thoroughlyreviewed in chapter twaChapter threés a
description of the materials and experimental methatide the results are analysed
and discussed in Chapter four. Chapter five presentsuimenary,conclusions and
recommendations, falved by the list of refrencesLastly, cetailed experimental

resuts are recorded in th@pendix.
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Chapter Two

2.0 Literature Review

2.1 Introduction

Many studies have been done by various researchers from all over the world on the
use of copper slag in concretuctural material applications. The literature survey
covers Portland cement hydraticharactestics, the advantages of using pozzaolans

fly ash and steelslag in conventional concrete. The chemical composition,
mineralogical phases, leaching chardstas, physical characteristics and
mechanical strength of copper slag concrete are thoroughigwed.Moreover, the
literature review covers the utilisation of copgéag in concrete productidmothas a

binderandreplacemendf aggregatedifie andcoarsg in concrete technology

Theinvestigationwill follow with a look at he effects of different curing methods on
the compressivestrength of concretdt will further includeassessment of the various
concrete durability tests such as, oxygen pehitiga index, water sorptivity and
chloride conductivity in accordanaeith the draftSouth Afican National Standards
(SANS); and thesodiumsulphateattack.

2.1.1 Cement

Cements are adhesive maadsiwhich have the ability of Inding particles of solid
matter into a compact whole (Soroka, 1979). This broad definition encompasses a
wide variety of adhesive materials. HoweJer, engineering purposes it is restricted

to calcareous cements that contain compounds of lime as their main principal
constituent The main raw materials used in producing Portland cementhare
oxides: lime (CaO), proded by heating calcium carbonaglica (SiQ), fourd in
natural rocks and mineralalumina (AbOs), found in clay mineralsand ferricoxide

(Fe0s), found in chys.
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Cement as a binder is a vital element in concrete and the quality of concrete depends
on the cement or binder, the aggregate, the mix design and the handling involved in
making, placing and subsequeniring. The performance of cement used in comrcret

is influenced by its chemical composition. A typical chemical composition of South

African Portland cement clinker is showalow inTable 2.1

Table 2.1: Typical Compostion of South African Portland C ement dinker
(Addis, 2001)

Chemical Oxides CaO SiO, Al,03 FeO; MgO Na&O +0.658 KO

% by mass in cement 63-68 1924 4-7 1-4 0.53.5 0.2-0.8

2.1.2 Compounds Composition of €ment

There are four main compounds present in ordiRaryland cement clinker, namely:
tricalcium silicate (GS), dicalciumsilicate (GS), tricalcium aluminate ($2) and
tetra calcium aluminoferrite (@F). These compounds are formed from the

following oxide reactions under equilibrium conditigq@ogue, 1947).

08 Fe03 reacts with AJO3; and CaO to produc#CaO.A}Os.Fe,03 (C,AF)
08 The remaining AlO; reacts with CaO to produ@Ca0O.AbO; (C3A)

08 The remaining CaO reacts with Si first form2Ca0.SiQ (C,S)and
08 Excess CaQ@eacs further with GS to produc8Ca0.SiQ (CsS).

Following the aforementioned reactions, any CaO uncomkahedis point remains

as CaO (free lime) in the cement. In addition, the cement clinker also consists of
minor compounds such as MgO, TBi&,0 and NaO; which are usually present in
minor quantities. KO and NaO referred to as alkalmetalsare also of interest
because they are found to react with some aggregates anddmeserationof
concrete (Neville, 1981 The quantity of these alkali metgisesentin cement is
therefore important for the durability performances of cetecrin strgtural
applications.
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CsS is more reactive thamE under hydraulic condition and therefore dominates the
first four weeks ohydration after whichC,S becomes a part of the hydration process
(Javedet al., 1985). C3S and GS are the chemical compoundgich mostly
determine the physical engineering properties of the concrete. Howeyemas
important influence omthe long term durability performance of the concrete structure
since it is particularly vulnerable to sulphate attack. Typical compound atgn

of South African Portlad cements is shown imable 2.2

Table 2.2: Typical Compound Compostion of South African Portland Cements
(Addis, 2001)

Hydration Compounds Common Formula  Acronym Percentage
Names by weight
Tricalciumsilicate Alite 3CaCeESiO CsS 45-60
Dicalciumsilicate Belite 2CaCESiQ C.,S 10-35
Tricalciumaluminate Aluminate 3CaCEALO; CsA 4-10
Tetracalciumaluminoferrite Ferrite 4CaCEALO; C/,AF 5-10
&Fe0;
Magnesiunoxide Periclase MgO M 0.34.0
Gypsum - CaSQ€H, - 3.57
O
Calciumoxide Lime CaO C 0.32.5

2.1.3 Hydration of Cement

Hydration is the reaction of cement compoyntigcalcium silicate (GS) and
dicalcium silicate (S) with water(H,O) to give calcium hydroxide Ca(OKpand
calcium silicate hydrat€C-S-H) as product{Soroka, 1979)Hydration of calcium
aluminate in the presence of gypsuroducesettringite and monosulphatafter

further hydration. Gypsuns added to aaent to extend the setting time.

The hydrationprocesses of the different compounds ahown in egations 2.1 to
2.4. The reactions argenerally exothermic in naturegenerating heat into the
immediate surroundingslhe setting and hardening of cement paste is due to the

formation ofC-S-H gel during hydration (Soroka, 1979).
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The C-SH fills the spacebetween the cement grains, causing stiffening of the paste
and subsequent fdening. As hydration continuesoreC-S-H gel is formed andills
the capillary poresiesulting indecreasing the porosity of tkement porenatrix and

increaing strength(Soroka, 1979).

2(3Ca0dSiQ,) 8+6H,0 8® 3Ca082Si0, 33H,0 3+ 3Ca(OH), (2.1)

CsS H C-SH C-H
2(2Ca08SiQ,) 8+4H,0 8® 3Ca082Si0, 83H,0 &+Ca(OH), (2.2)
CS H C-SH C-H

3Ca03-Al,0, 8CaSQ 831H,0 6® 3Ca0dAl,0, 33CaSQd31H,0  (2.3)

CsA Cs*H Ettringite
3Ca0d-Al,O, 0+6H,0 d® 3CaOad-Al,0,d6H,0 (2.4)
CsA H Monosulphate

The presence ofatcium hydroxide(C-H) causes high alkalinity of the pore solution
but makes concrete sensitive to acid attack. One way of utilizing the unr€akted
which consequently improves the quality and characteristics of theretens

through gpozzolanic reaction (Soroka, 1979).

Ettringite formation explains the concept of dormastigd during cement hydration.
Ettringite forms a layer around individual & crystals and stops hydration for a
period of time (dormant period). The layerausesan incrase in volumdeading to
expansion. Laterhe layer burgtand hydration continues. The process repeats itself
untii no sufficient sulphate is available to forrettringite. In this manner, the

hydration of GA is controlled, givingconcrete users a chance to work with the
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cement before isets. The tringite is converted to monosulphate and hydration
continues until stable hydrate is formed (Soroka, 1979).

Concrete exposed to sulphate solution after the hardening procasses the
formation of delayed ettringite. Delayettrangite formation (DEF) leads to cracking
and expansion of concrete afatilitatesthe deterioration mechanism of the concrete
in structural applications. The fourth compound,A€ reacts with gpsum to form
iron-substituted #ringite (Shaet al, 1999).

2.1.4Heat of Hydration of Portland Cement

The hydration process of cement is exothermic, i.e. heat is released as the reaction
progresses. This property is used in laboratories to monitor the hydration process by
using a special calorimeteifhe calorimeterrecords the rate of heat conduction
needed to keep the temperature constant. The reesfiks presemd as the

calorimetric curvaverefirst explained byForrester(1970).

A typical calorimetric curve for the hydration of Portland cememshiswnin Figure
2.1. As seen on the graph, the hydration process is divided into five stages according

to their different characteristics of heat release.

Figure 2.1: The Heat evolution curve ofPortland cement(Forrester, 1970)
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Almost immediately on addingvater, some of the clinker sulphates and gypsum
dissolve producing an akine, sulphateich solution.Immediately after mixing, the

CsA phase (the most reactive of the four main clinker minerals) reacts with the water
to form an aluminateich gel (Stagd on the heat evolution curve above). The gel

reacts with sulphate in solution to form smedic-like crystals of #ringite.

CsA reactionwith water is strongly exothermic, but does not last for Jdggically
only a few minuteslf the cement is richin Potassiun(K), syngenite(K,CSH) can

form in this stage, causing false §ehen, 200%.

The hydration process of Portland cement is marked by an obvious dormant period
(Stage 1l in Figure 2.1)During the dormant period, which lasts typically fofeav

hours, the hydration progressat a very low rateand no significant strength is
gained The amount of heat released by the cementatigoh is also greatly reduced
(Forrester, 1970).

The first half part of the dormant periocbrresponds to whethe concrete can be
placed. his dormant period is importabecause during this period the concrete can
be transported and shaped on the construction site. As the dormant perredsaeg
the paste becomes too stiff to be lemtwith (Forrester, 1970).

At the end of the dormant period, the alite and belite in the cement start to react, with
the formation of calcium silicate hydrat€-S-H) and calcium hydroxid€C-H).

These correspondto the main period of hydration (Stage IIl), during which time
concrete stmegths increase. The individual grains react from the surface inwards, and
the anhydous particles become smalle€€zA hydration also continues, as fresh

crystals become accessible to water (Forrester, 1970).

After the acceleration period follows the decat®n and steady state period (Stage

IV and V), during which the hydration rate is relatively slow. The strengthe
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concrete keeps increasiagd the heat releasé&s much reduced compared to that of
the acceleration period (Forrester, 1970).

2.2 Pozplans and Binding Materials

Taylor (1991) explains that, the word pozzolan is derived from Pozzuoli, where the
Romars found a volcanic ash from MouMesuvius that would form cement, Wit
hydraulic propertiesvhen mixed with lime putty Kumar et al (1993) defined
pozzolan as any siliceous or alumisiaceous material that, in finely divided form
and in the presence of moisturehemically reacts with the calcium hydroxide
released by the hydration of Portland cement to form calcium silicate hyairdte

other cementitious compounds.

Pozzolan is also defined by Baronia and Binda (1994) as materials which, though not
cementitious in themselvesontain constituents which will combine with lime at
ordinary temperaturdn the presence of watethe pozzolanwill then form stable

insoluble compounds possessing cementitious properties.

Pozzolansare generally categorized as supplementary cementitious materials or
mineral admixtures. According to Komar (1973) and Spence (1980), binding
materiab havebeenidentified andutilised as early as 3000 B.C. Stronger binders
have been obtained artificially by burning substances, with gypsum and lime being
among the first in this groupg\ccording to Lea (197Q0)more than 2000 years ago the
Greeks and Romans ittustructuies that are still surviving to datehdse structures
took the advantage of the pozzolane reaction.

2.2.1 Types of Pozzolans

Pozzolans are classified as either natural or artificial. Day and Shi (1994) classify
natural pozzolans as thoseepent on the earth€s surface such as diatomaceous earth,
volcanic ash, opaline shale, trass, pumicite and tuffs. Natural pozzolans require

further processing such as calciniibgirning), grinding and drying.
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ASTM C61899 classifiesartificial pozzolansas the byproducts of industriabnd
agricultural processing found in large quantities, such as rice dmlskournt clay,

burnt gaize, shales, moler, bauxite, etc. They are burnt or calcined at higher
temperature to bring them to their active form. Artdigdbozzolans are also produced
when pulverized coal is burnt in electric power placétled fly ash The glassy
(amorphous) spherical particulates are the reactive pozzolanic portion.

2.2.2 Pulverised Fly AsHPFA)

Fly ash, also known as pulverised fash, is produced from burning pulverized coal

in electric power generating plants. During combustion, mineral impurities in the coal
(clay, feldspar, quartz, and shale) fuse in suspension and float out of the combustion
chamber along wh exhaust gases (&lique and Kan 2011). As the fused material
rises, it cools and solidifies into spherical glassy particles called fly ash. It is-a fine
grained powdery material that is collected from the exhaust gases by electrostatic

precipitatos or bag filters (Siddue and Kan 2011).

Depending upon the collection system, varying from mechanical to electrical
precipitators or bag houses and fabric filters, approximatel9®& of the ash from

the flue gases is retrieved in the form of fly ash. Fly ash accoun?®&f86% of the

total coal ash, and the remainder is collected as bottom ash or boiler slag (Siddique
andKhan 2011).

The spherical shape of fly ash often helps to improve the workabilithe fresh
concrete,while its small particle size also plays fiter of voids in the concrete,
hence to produce dense and durable confirztadjito et al, 2009.

2.2.3 Classification of Fly Ash

ASTM C61899 categorizes natural pozzolans and fly ashesti@dollowing three
categoriesClass F, Class C and Class N.
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Class F fly ashes are low in CaO andrawemally produced from burning.mhracite

or bituminous coal falls in this category. This class of fly ash exhibits pozzolanic
property but rarely, if any, selfardening property. fley are predominantly 70%
noncrystalline silica which is the determining factor for pozzolanic activity. Their
crystalline minerals are generally composed of quartz, hematite, mullite and

magnetite (Rowet al.,1984).

Class C fly ashes are generally proed from lignite or sulbituminous coal. This

class of fly ash has both pozzolanic and varying degree ofceméntitious
properties. Most Class C flgshes contain more than 15% Cd&@her Class C fly

ashes may also contain as little as 10% CaO. CldlssaShes contain predominantly
calcium aluminesilica glass which is highly reactive. A crystalline phase in Class C
ash includes quartz, lime, mullite, gehlenite, anhydrite and cement materials such as
CsA, C.S and GAsS (Siddique and khag011).

Class N raw or calcined natural pozzolans such as some diatomaceous earths, opaline
chert and shale, stuffs, volcanic ashes and pumice are included in this category.
Moreover, @lcined kaolin clay and laterite shale also fall in this category of
pozzolangSiddique and khar2011)

2.2.4 MineralogyCharacteristics of Fly Ash

X-ray diffraction study of the crystalline and glassy phases of a fly ash is known as
mineralogical analysis. Mineralogical characterization determines the crystalline
phases that contain the major constituents of fly ash. Generally, fly ashes mave 15
45%crystalline matte(Siddique ankhan 2011).

The highcalcium ashes (Class C) contain larger amounts of crystalline matter
ranging between 25 and 45%ilthough highcalcium Class C ashes may have less
glassy or amorphous material, they do contain certaystalline phases such as

anhydride (CaSg), tricalcium aluminate (3Ca@l,03), calcium sulpheluminate
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(CaSAl,03) and very small amount of free lime (CaO) that participate in producing
cementitious compoundSiddique andhan 2011).

Anhydrite (CaSQ) is formed from the reaction of CaO, $&nhd Q in thefurnace or
flue and increases with subsequent increase ip &M@ CaO contents. Anhydrite
plays a significant role in fly ash hydration behaviour by reacting with tricalcium
aluminate and other soluble aluminates to prodett@ngite and calcium sulpho
aluminate hydrate (Siddique and khaf11).

Table 2.3: Requirementsfor Fly Ash and Natural Pozzolans br Use as Mineral
Admixtures in Portland Cement Concrete(ASTM C618-99)

Requirements Fly Ash
Classification
N F C
Chemical requirements Si@ Al,O3 + F&Os;min (%) 70 70 70
SG;, max (%) 40 50 50
Loss ofignition, max (%) 10 6.0 6.0

Physical requirement amount retained when wet sievedon 34 34 34
45um sieve, max (%)

Pozzolanic activity index, with Portland cement at 28 days, 75 75 75
min (%) of control

Pozzolanic activity index with lime at 7 days, niMPa) 55 55 -
Water requirement, max (%) of control 115 105 105
Autoclave expansion or contraction, max (%) 0.8 0.8 0.8
Specific gravity, max variation from average 5 5 5
Percentage retained on-fitn sieve, max variation, percentar 5 5 5

points fromaverage

Tricalcium aluminate (3CaOAD;) is one of the most important crystalline phases t
identify and quantify fly astbecaus it contributes to te&ringite formation also in
selthardening reactions andisruptive sulphate reactions in hardeneohcrete
(Siddique and khar2011).
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Periclase is the crystalliferm of magnesium oxide (MgO).hE presence of MgO in
fly ash affects the soundness of the resulting concrete through its expansive hydration
to brucite, Mg (OH) (Siddique and khar2011).

Crystallineiron oxide, ferrite spinel andf hematite are also generally found in all fly
ashes. In most of fly ashes, about @@R30% of iron is present as crystallineide.
The reactivity of fly ashhowever,is dependent on the glassy phases ofOge
(Siddique and khar2011).

2.2.5 Reaction Mechanisnof Fly Ash

Setting or hardening oPortland cementconcretes occurs due to the hydration
reaction between water and cementitious compoymesentin the ement which
give rise to several types of hydrageg.calcium silicatgC-S-H), calcium aluminate
hydrate(C-A-H) and calcium hydroxidéC-H) (Siddique and khar2011).

The adhesive and cohesipeoperties of the gel binthe aggregate particles. When

fly ash is incorporated @ concrete, the calcium hydroxid€-H), a byproduct
liberated during hydration of ordinary Portland cemesdcts slowly with the
amorphous alumingilicates, the pozzolanic compounds present in the fly ash. The
products of these reactions, termed as pozzolanic reaction products are time
dependentbut are basically of the same type and characteristics asatiects of the
cement hydration (Siddique and kh2011).

Thus, additional cementitious products become availabbmveying additional
strength to concret@he following equations illustrate the pozzolanic reaction of fly
ash with lime to produce adutinal calcium silicate hydrat€C, S H) binder
(Siddique and khar2011).

Cementreaction:C,S&H 83898836@C 8-S 8-H 6+C 3-H (2.5)

Pozzolanicreaction: C 8-H 6+S6®C 6-So-H (2.6)
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2.2.6 Uses of Fly Ash in Cement Concrete

Utilization of fly ash in cement or concrete can be categoriasddon the volume of
its usaggSiddique and khar2011).

08 High Volume Uses:
High volume utiization of fly ash includesstructural fillsused in construction of
embankments, dams, dikesd leees and also as sidase and baseoases in
roadvay constructior{Siddique and khar2011).

08 Medium Volume Uses:
This includes the use of fly ash as rawteni@l in cement productiorgdmixture in
blended cements, as partial replacement of cemersoa mineral admixture in
concrete. In addition, coal asm@luding fly ash may be used as partial replacement
of fine aggregate in concrete for production of light weight aggesgand many
other application$Siddique and khar2011).

08 Low Volume Uss
This includes the coal ash utilization in high value added applications such as metal
extractions. High value metal recovery of Aluminium (Al), Gold (Au), Silver (Aqg),
Vanadium (Va) and Strontium (Sr) fall in this category. Fly ash has potential uses for
producing light weight refractory material and exotic high temperatuistaestiles
(Siddique and khar2011)

2.2.7 Advantage®f Using Fly Ash

The objective of using fly ash in concrete is to achieve omaase of the following
benefits: reducing thecement content to reduce costs; improving workability;
obtaining reduced dat of hydration dspecially in mass concretngattaining
required levels of strength in concrete at ages beyond 56 dayeasing the
durability performances of ewrete;as land fillin land reclamations for residential

andcommercialdevelopmentsas filler in asphalt, et¢Siddique and khar2011).
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2.3 Ground Granulated Blast Furnace Slag (GGBS)

Ground granulated blast furnace slag (GGBS) is-arbguct from he blast furnaces
used to make iron. Blastirnaces are fed with controlled mixture of irore, coke

and limestoneand operated at a temperature of about 1500°C.

When irorore, coke and limestone melt in the blashage, two products are formed
(molten iron and molten slagfhe molten slag is lighter and floats on the top of the
molten iron. The molten slag comprises mostly silicates and alumina from the
original iron ore, combined with some oxides from the limestone (Siddique and khan
2011).

08 Granulated slag:
The process of granulating the slag involves cooling of the molten slag through high
pressure water jetéSiddique and khar2011). This rapidly quenches the slag and
forms granular particles generally not bigger than 5 mm. The rapithgqmievents
the formation of larger crystals and the resulting granular material comprises around
95% noncrystdline calciumaluminosilicates. The granulated slag is further
processed by drying and then grinding in a rotating ball mill to a very finelgrow
which isthencalled GGBS (Chen, 2007).

08 Pelletized slag:
The pelletized slag is produced by partially cooling the slag with water, and then
tossing it into air. The pellets contain much lessglaontent when compared to
granulatesas low as 50%Pelletizedslag iscommonly used as concrete aggregate

andas raw material icement productio(Chen, 200&

08 Air -cooled slag:
Air-cooled slag is formed by allowing the slag to solidify slowly in air, and
sometimes followed by accelerated cooling with a water spray. Tealied slag is
hard and dense, normally used for road bases, railway ballast, asphalt paving and

used as carrete aggregat@hen, 200%
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GGBS can be used as a direct replacement for ordinary cement -bor@me basis

by weight. Replacement rates for GGBS vary from 30% up to 85%. Generally 50% is
used in most applications. Higher replacement rafeso 85% areused in special
applicationdike aggressive environments and to regltite heat of hydration in mass
concrete. GGBS can be used at replacement levels of 70% in lean mix concrete
(Siddique and khar2011).

2.3.1 Chemical Composition of Ground Granulated Bast Furnace Slag (GGBS)

Blast furnace slag is a nenetallic product, consisig essentially of silides and
alumingsilicates of calcium and other bases. Slag is made up of both glassy and
crystalline phases. The glassy nature is responsible for itent#ious properties
(Siddique and khan 2011).

In GGBS, the glascontent is between 85and 90% anadomprises mainly of CaO,
SiO,, Al,Oz, and MgO. It has similar chemical constituents as ordinary Portland
cement, but in different proportions. Typic@8lhemical Composition of GGBS,

reported by som authors is given in Table 2.4

Table 2.4: Typical Chemical Composition of GGBS

Composition Mantel Tasonget al. Oneretal.  Hui-Shenget al
(1991) (1999) (2007) (2009)

SiO, 36.6 35.34 39.18 36.39

Al,03 13.2 11.59 10.18 13.76

Fe,O3 0.60 0.35 2.02 2.44

CaO 33.0 41.99 32.82 30.13

MgO 10.7 8.04 8.52 9.36

Mn O3 1.20 0.45 - -

SO; 2.50 1.23 - 1.30

2.3.2 Reactivity of Ground Granulated Blast Furnace Slag (GGBS)

ASTM C 989 is the standard for evaluating the cementitious potential of slags. The
factors that determine the cementitious properties are; chemical composition of the

slag, alkali concentration of the reacting system, glass content of the slag, fineness of
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the slag andcement as well asthe temperature variations during the early phases of
thehydration process.

Cheron and Lardinois (1968Jefined the hydraulic aeity index of a slag as
represented bgquation 2.7 belowSlaghydraulic activityindices between 1.65 and
1.85 areconsideredhormalfor reactivity.

_Ca039.5Al,0, 81.4Mg0 (2.7)

Hydraulicactivity indexd :
SiQ, 84A1,0,

2.3.3 Classifications of Ground Granulated Blast Furnace Slag (GGBS)

ASTM C 989 characterisedhree strength grades of slatppending upon their

respective mortar strengths whielended with an equal massRirtland cement.

The clas8ications are; Grades 120, 1@hd 80, based on the slagtivity index
expresse@s the ratio othe average compressive strength of the slag mortar cubes to
the compressive strength of reference cement mortar cubes withoutskag in
equation2.8.

Slagactivity index (%) 6=SI’D—P 010C (2.8)

Where;

SP represents the aage compressive strength of the slag mortar cubes

P is the compressive strength of referencessgmmortar cubes without slag.

Grades 100 and 120 are the most commonly used as admixtures in concrete. Table
2.5 summarises the criteria for ASTM C 988ssification of GGBS.
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Table 2.5: ASTM C B9 Minimum Slag Activity Index Criteria for C lassification

of GGBS
Days Index Grade Type Average of Five Average of individual
Consecutive Samples sample
7 Days Grade 80 - -
Grade 100 75 70
Grade 120 95 90
28 Days Grade 80 75 70
Grade 100 95 90
Grade 120 115 110

2.3.4 Hydration Mechanism of Ground Granulated Blast Furnace Slag (GGBS)

The hydration mechanism of the combination of GGBS and Portland cement is
slightly more complex than that of a Portland cement alone. This reaction involves

activation of the GGBS by alkalis and sulphates to form its own hydration products.

These hydratio products combine with the Portland cement to form further hydrates
which have a pore blocking effect. The result is a hardened cement paste made of
very small gel pores. Generally, the rate of strength developmstdwer than that

of cement morta(Siddique and khar£011).

The resulting hardened cement paste using GGBS is also more chemically stable. It
contains much less free lime, which in concrete made with Portland cement leads to
the formation of futher reaction products such atriagite or eflorescence. In
addition, GGBS contains no3&, making GGBS concrete much less reactive to
sulphategSiddique and kharg011).

When GGBS is used in concrethe resulting hardened cement papteducedhas
smaller gel pores and fewer larger capillaryggothan is the case with concrete made
with normal Portland cement. This finer pore structure gives GGBS concrete a much
lower permeability, and makes an important contribution to the greater dyrabil

the resultantoncretegproduced Siddique and kha 2011).
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2.3.5 Advantages of Using Ground Granulated Blast Furnace Slag (GGBS)

The incorporationof GGBS in cement and concrete results an improved
workability and compactioncharacteristics, increased puwability, increased
strength, enhanced dbility, reduced permeabilitygreaterresistance to chloride
penetrationgreaterresistance to sulphate attackeaterresistance talkaline silica
reaction (ASR), low heat of hydratiorfor mass concrete applicatignsnproved
surface finish, enhmed architectural appearance, suppressfforescence,
enhancement of the life cycle of concrete structures, reduction in maintenance and
repair costsreducedlifetime construction costs etc. Production of GGBS involves
very low carbon dioxide €O, and sulphur dioxide $0,) emissions and mono

nitrogen oxides (N¢).

2.4 Copper

Copper is a chemical element in the periodic table that has the symbol Cu (Latin:
cuprum) and atomic number 29. It is a ductile metal with excellent electrical
conductivity, and finds extensive use as an electrical conductor, as a building

material, and aa component of various alloys.

Copper is a reddisboloured metal, with a high electrical and thermal conductivity,
silver is the only pure metal to have a higher electrical conductivity at room
temperature. Copper has its characteristic colour bectausélects red and orange

light and absorbs other frequencies in the visible spectrum, due to its band structure.
This can be contrasted with the optical properties of silver, gold and aluminium
(Copper Development Agency (CDA)012).

Copper is malleabland ductile, a good conductor of heat and, when very pure, a
good conductor of electricity. It is used emsively, in products such aspper wire,
electromagnets, electrical machine, especially in electromagnetitorsn and

generators. Moreover coppirused for plumbing, doorknobs and other fixtures in
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houses, roofing, guttering and rainspouts on buildings. In cookware, such as frying
pans, knives, forks, spoofGDA, 2012)

2.4.1 Copper Mining in Southern Africa

The Democratic Republic of Cond®RC) is potentially one of the richest mining
countries in Africa, based on its vast resources of copper, cobalt and diamonds. Most
mining activities are concentrated in the southern and eastern parts ofutiigy,co
where the famous CoppeeB extends into Zmbia from the Democratic Republic of
Corgo near Lubumbashi. The CoppezlBis one of the world's greatest metallogenic

regions

Metal extractive companies include former state mining company Gecamines, STL,
Electric foundry Panda (FEP) and FELCO amotiters are located in Lubumbashi,
Democratic Republic of Congo (Kitobo and llun@®12). Lubumbashi has a great
deposit of slag which is being-reined by STL Company. In Likasha city in the
Katanga province of DRGwo types of slag are produced by &t& foundry FEP
Panda and gypsum waste by Shit(i{ittobo and llunga2012).

Zambia generates abouB3%o of the total world€s coppand is ranked seventh in the
world for copper production. The Southern African nation is also the world€s second
largestproducer of cobalt, producing 19.7% of global total. It also has significant
guantities of selenium and silver, with more than 300 gold occurrences and produces
some platinum group elements; an importar{pbgducts of he copper mining and

processingdGlobal Business Repgi2012).

Zambia has a long history with copper production beginning as early as th&.1830
1990, after years of losses, the Zambian government privatized its copper mines, and
the economic growth has been increasing in the cowmice 2004, largely due to

high copper prices and foreign investment (Global Business R&8d2). There is

an estimated 2 billion Mega tonnes of total mineeslource on the Zambian Copper

Belt. Zambia€s economy is heavily reliant on minipgsticularly its copper and
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cobalt minerals and the mining sector contributes approximately $822 million to the
country€s total exports (Global Business Ref2®12).

Palabora Mining Company Limited (Palabora) is a member of the Rio Tinto group of
compares, situated in the BBhalaborwa area of Limpogwovincein South Africa.
Palabora operates a large block cave copper mine and smelter complex. It is South
Africa's only producer of refined copper Palabora Company 2011. The company
produces about 80,00@nnes of refined copper per year, supplying most of South
Africa's copper needs and exporting the balance. The refinery produces continuous
cast rod for the domestic market and cathodes for export. Usefuloblyict metals

and minerals include zirconiuohemicals, magnetite and nickel sulphaie well as

small quantities of gold, silver and platinum.

2.4.2 Production of Copper slag

Copper slag is produced either by hydrometallurgicar pyrometallurgically
production of copper from copper ores andtams materials li& iron, alumina,
calcium oxide silica etc. (Gorai et al.,2002). The pyrometallurgicallymethod is the
only method applicable to ores containing coppen-sulphide minerals (such as
chalcopyrite and chalcobornite), which are the naimindant. The waste material

produced by the hydrometallurgical method is not considered as a slag.

In copper ore the oxides and sulphides combine covalently to forfFe@4, phase
in the absence of silicB®ecause of the low copper content of the goéshe order of
0.5%), copper extraction is achieved in several steps duringntle#ing operation.
Initially a copper concentrate (ZB% Cu) is obtained by fine grinding and
separation by flotation. The copper concentrate is smelted at a temperdQ&®uE

with the aim of obtainingraintermediate product, calledatte.

The matte is further converted to copper metal by removing parts of the iron and
sulphurby blowing oxygen onto the molten matte (Goeaial., 2002). More silica

flux is added to failitate the removal of iron oxides under the form of a converter
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slag. Certain amount of lime and alumina are added to stabilize the slag structure. The
molten slag is discharged from the furnace between 4A@0O °C. When liquid slag

is cooled slowly, it forms a dense, hard crystalline productthereas quick
solidification by pouring molten slag into water gives amorphous granulated slag
(Gorai et al., 2002) Table 2.6 shows typical oxide composition of copper slag
obtained from different regions tie world.

Table 2.6: Typical Chemical Composition of Copper Slag from Different Regions
NO Origin of Copper slag Fe SIiO, CaO MgO Al, S Cu
(%) (%) (%) (%) (%) (%) (%)
1 Iranian National Coppe 44.78 40.79 5.24 1.16 3.78 1.06 -
Industries Company

2 Etibank Ergani Copper 39.65 31.95 395 282 240 - 101
Plant, Turkey
3 Kure Copper Slag 47.8 26.10 0.70 1.00 6.80 1.50 0.82

4 Copper Queen, Prince, 34.62 27.16 17.42 3.51 14.70 0.33 1.64
USA
1-Marghussiaret al.,(1999)2-Kiyak et al.,(1999)3-Yucel et al.,(1999)4-Mobasher
et al.,(1996)

2.4.3 Mineralogical Composition of Copper Slag

Microscopic observationsonducted byKiyak et al., (1999), indicate most of the
copper slag are well crystallised. In addition to iron oxides, other oxides such as
silica, alumina, lime and magnesia constitute 95% or more of the total oxides- The X
ray diffraction patterrshows 2FeOSig) FeO, and Ca (Fe, Mg) (Si§), as the main
phases present in copper s(&iyak et al.,1999)

Najimi et al.,(2011) also demonstrateithat, the mineralogical compounds of copper
slag are pyroxene (CaZnBk), fayalite (SiQFe), anorthite (CaAlSi,Og), quartz
(Si0,) and magnetite (R®,) similar to the main compounds of copper slag used in
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various researches, such as fayalite, magratiequartz (Alget al.,2008; Arino and
Mobasher, 1999; Mobashet al.,1996; Mouraet al.,1999 Sanchez de Rojat al.,
2008;Tixier et al.,1997).

As the metals are most stable in oxide and silicate forms, construction material

produced from coppeslag havdeast possibility of corroding (Gorat al.,2002)

2.4.4 Physical and Mechanical Characteristics of Copper Slag

Some physical and mechanical properties of copper slag are shown in Table-2.7. Air
cooled copper slag has a black colour and glagppearance. The specific gravity
varies with iron content, from as low as 2.8 to as high as 3.8. The unit weight of
copper slag i<omparablyhigher than that of conventional aggregate andntater

absorption capacity of the copper slag material is 8ffyivery low (0.13%).

Table 2.7: Typical Physical and Mechanical Properties of Copper Slag

Appearance Black, glassy, more vesicular when granula
Unit weight 2800-3800 (kg/ )
Water dsorption,% 0.13

Bulk density 2300+ 2600 (kg/ )
Conductivity 500 ps/cm

Sp. gravity 2.8-3.8

Hardness 6-7 Moh

Moisture < 5%

Abrasion loss,% 24.1

Sodium sulphate soundness loss, 0.90

Angle of internal friction 40-50

Emery (1986)Hughes and Haliburton (1973), Detsal, (1993) and Feasby (1975)

Granulated copper slag is more porous and therefore, has lower specific gravity and
higherwaterabsorption capacity than aooled copper slagsranulated epper slag

is made up of regularly shaped, angular particles, mostly between 4.75 and 0.075 mm
in size, similar to the particle size range for conventional fine aggregates for concrete
(Emery 1986; Hughes and Haliburton 1973).
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2.4.5 Copper slags as Fine and Coarse Aggregates Replacement in Concrete

A study carried out by Central Road Research Inst{tORRI), India has shown that

copper slag can be used as a partial replacement for sand as fine aggregate in concrete
up to 40% in pavement grade concrete without any loss of cohesiveness and the
compressive and flexural strength of such concretes i &08t higher than that of
conventional cement concretes of the sgnagle(lS, 1987%.

Caliskanet al., (2004) conducted a comprehensive investigation on the compressive
strength of normal strength concrete containing copper slag coarse aggregate and
showedthat the compressive strength of copper slag coarse aggregate concrete was

slightly higher than that of limestone aggregate concrete.

Concrete mixtures containing different levels percentage replacements by silica fume
ranging from 0%, 6% 10% and the usfecopper slag aggregate replacing limestone
aggregate was monitored by Khanzadd Behrood (2007). The use of copper slag
aggregate compared to limestone aggregate resulted Hilay2®mpressive strength
increase of about $A5%, and a split tensile strength increase of18%. It was
concluded from the results of the study that, using coplpgras coarse aggregate in

high-strength concrete is technically possible and useful.

Al-Jabriet al., (2009) prepared eight concrete mixtures with different propomio
copper slag ranging from ® 100% as replacement of fine aggregate. The results
indicate that, there is a slight increase in high performance concrete (HPC) density of
nearly 5% with the increase of copper slag content, whereas the workability increased
rapidly with increases in copper slag percentage. Addition of up to 50% of copper
slag as sand replacement yielded comparable strength with that of the control mix.

Wei Wu et al., (2010) examined the microstructures of control concrete and copper
slag reinforced concrete with various contents of copper slag as replacement of sand.
The experiment was investigated with Scanning Electron Microscope (SEM) and the

dynamic mechanical properties of copper slag reinforced concrete were studied using
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a 50mm diameter split Hopkinson pressure bar system. The outcome of the results
suggested thathe dynamic compressive strength of copper slag reinforced concrete
was generally improved with substitution amounts of copper slag up to 20%,

compared with the control concrete, beyond which the strength reduced.

Another research study was conductedWgi Wu et al., (2010) to investigate the
mechanical properties of high strength concrete incorporating copper slag as a fine
aggregate. The workability and strength characteristics were assessed through a series
of tests on six different mixing proportisrat 20% incremental copper slagvegight
replacing sand, from @o 100%. The results indicated that, the strength of the
concrete with less than 40% copper slag replacement was higher than or comparable
to that of control specimen The microscopic viewalso demonstrated limited
differences between the control concrete and slag concrete with less than 40%

content.

Al-Jabriet al., (2009 performed another thorough investigation on the performance

of high strength concrete (HSC) made with copper slag as a fine aggregate at constant
workability and to study the effect of superplasticizer addition on the properties of
high strength concretHSC) made with copper slag. The results signified that, the
water demand reduced by almost 22% at 100% copper slag replacement compared to
the control mixture. Nonetheless, the strength and durability of high strength concrete
were generally improved witthe increase of copper slag content in the concrete
mixture. The strength and durability characteristics of high strength concrete were

adversely affected by the absence of the superplasticizer from the concrete paste.

M20 grade concrete wamsssessedior various proportions of copper slagplacing
sand, ranging from 0, 20, 40 and 6@Brindhaet al., (2010). Another mix design
replacing cement ranging from 0, 5, aBd 20% and combination of (60% sand +
40% copper slag for fine aggregate and 85% cemel5% copper slag for cement)
in concrete was cast and cured in water. The resultsemfompressive, split tensile
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strength test indicated that, the strength of concrete incremspsrtionally with

percentagéncreasenf dag replacingup to 40% of thesandand 15% othe cement.

An experimental procedure to investigate the effect of using copper slag and ferrous
slag as partial replacement of sand was studied by Sudarmhiaamgovan (2011

The results indicate that workability m@ases with an increase in copper slag and
ferrous slag percentage. The highest compressive strength obtained MBs 4r

100% replacement) and the corresponding strength for the control miR0MPa.

Copper slag as substitution of fine aggregatesinforced concrete slender columns

was exploited by Alnuaimi (2009). 20 columns measuring 150x150x 2500 mm were
tested for monotonic axial compression load until failure. The concrete mixture
included ordinary Portland cement (OPC), fine aggregate ef1€izmm substituted

with copper slag and coarse aggregate. The results showed that the replacement of up
to 40% of fine aggregate with copper slag caused no major changes in concrete

strength, column failure load, or measured flexural stiffness (EI).

Onuguluchi and Ozgur (2012) pursued an investigating study of the consistency,
hardened and toxic metal immobilization properties of concrete containing copper
tailings as an addictive. The author€s objectives teecempare the effect of copper
tailings onthe strength across two seriek concrete with 0.57 and 0.5vater to
binde ratios. The authors concludedpotential use of coppéailingsin concreteto

about 5%

Ayano and Sakata (2000) critically reviewed the charatics of copper slag and its
effects on the engineering properties of cement, mortars and concrete. They reported
that the shrinkage of specimens containcopper slag fine aggregate v&milar to

that of specimens without copper slag.

Hwang and Laiw (1989) also reported that theoan of bleeding of mortar made

with copper slag is comparatively less than that using natural sand. However, the
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heavy specific weight and the glddse smooth surface properties of the irregular
grain shape of the copper slag aggregates were effeotithef controlof concrete
bleeding.

2.4.6 Copper Slagas Portland CementReplacementin Concrete

The effect of the incorporation of the copper slag in cement was measured by
Sanchez de Rojast al., (2004). Hydrated calcium aluminates phases were arhlyse
using scanning electron microscopy (SEM) anda¥( diffraction (XRD) techniques.

The authors concluded that, the replacement of 30% cement by copper slag reduces
the flexural and compressive strength in a similar way to fly ash; however, after 28

days,thereduction becomes less.

Tixier et al., (1996) reported on the hydration reactionscopper slag used as
Portland cement replacemdny weight g to 15%,through semi quantitative -Kay
diffraction. Samples of copper slag and hydrated lime were usetéstothe
pozzolanic properties of the slag. In addition, the porosity was examined using
mercury intrusion porosimetry. The outcome shows a decrease in capillary porosity
as opposed to the gel porosity which increased. A significant increase in the

compresive strength forpito 1 year was also observed.

Arino andMobasher (1999) studied the et of ground copper slaan the strength

and fractire of cemenbased materials ufp 15% byweight of ground copper slag
replacing Portland cementhe strength and fracture toughness of concrete samples
were studied using closédop controlled compression and Thigeint bending
fracture test. Test relts were used to construct the resistanceve (RCurve)
response of the specimens describing dependence of fracture toughness on the
stable crack length. The conclusion made wthg, use of ground copper slag

increased the strength significantly.

Mobasherand Devaguptapu (1996) studied the activation of pozzolanic reactions

using up to 1.5% hyated lime. The hydration reactions and porosity were monitored
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using quantitative xay diffraction (QXRD) respectively. Results indicate a
significant increase in the compressive strength for up to 90 days of hydration and a

decrease in the capillary p@ity measured using mengy intrusion porosimetry.

Al-Jabriet al., (2006) undertook another study on the effect of copper slag (CS) and
cement bypass dust (CBPD) addition on concrete propertiesaddition to the
control mixture, two different trial mtures were prepared using different proportions

of copper slag and cement-pgss dust. One mixture consisted of B&fpper slag
substitution for Portland cement. The other mixture consisted of 13.5% CS, 1.5%
CBPD and 85% Portland cement. Three wabdninder (w/b) ratios of 0.5, 0.6 and

0.7 were studied.

The experimental outcome showed that 5% copper slag substitution for Portland
cement gave a similar strength performance as the control mixture, especially at low
w/b ratios. Higher copper slag (13.5%@placement yielded lower strength values.
The results also demonstrated that the use of copper slag & cemgasdgust as
partial replacements afement has no significant effect on the modulus of elasticity
of concrete, especially at small quantitsegstitution.

2.4.7 OtherUseful Applications of Copper Slag

A research study intend to establish the level of catalytic activity of flash smelting
furnace slag and converter slag in reactions complete oxidation was carried out by
Mihailova et al., (2011). The analysis of the samples of slag was conducted using
scanning electron microscopy, element distribution mapping, electron micro analysis
and BET surface area. The catalytic activities of the samples were measured in two
types of reaction oxiden of carbon monoxide and oxidation of toluemte results

of the study demonstrated that copper slag samples show relatively high catalytic

activity in oxidation reaction.

The determination of the proportions of copper slag and Portland cemaenhaed

cement in terms of the cement chemistry ternary phase diagram was critically
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research byarku and Vaso (2010) with the sole objective of finding the intersection
between the line connecting the cement and the slag composition and the boundary
line of calcium hydroxide stability field. The outcome suggested that, the increase of
copper slag amount in cementing material decreases the mechanical strengths of
hardened mortars especially in the early ages. However, theodyct of the melting
copper &g plant can be used successfully as Portland cement substitute in the cement

industry.

The potential use of flotation waste from copper slag as iron source in the production
of Portland cement clinker was thoroughly exploitedAgha (2008).The results

show that, the chemical compositions of all the clinker products including those of
flotation wastes of copper slag are typical of a Portland cement clinker. The
mechanical performances of the standard mortars prepared from the flotation waste
from copperslag clinkers were found to be similar to those from the iron ore clinkers

with the desired specifications for the industrial cements.

A research study focussed on the effect of copper slag on the strength characteristics
of cementtreated Singapore mae clay by varying the percentage of copper slag at
100% water content and constant workability of cenndgy mix was examined by
Chew andet al., (2009). The results illustrate that when the workability of cement
treated clay with and without copper slag kept constant, the unconfined
compressive strength at 28 days curing time is observed to be constant. Therefore to
suggest that copper slag can be used in treating soft marine clay with less amount of

cement and yet no reduction in strength is achieved

Mouraet al., (1999 used the copper slag from Bahia, Brazil as construction materials
and observed that, the physical characteristic of the material was equivalent to the
traditional ones or even better. Copper slag can be a potential alternative to the

admixtures used inoncrete and mortars.
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One province in China published technical guiddifer the use of copper slag as
sand for mortars and concrete (SPC3$999); whiles other provinces are developing

the specifications for its inclusion in concrete.

2.5 Curing of Conaete

Curing is the process used for promoting the hydration of cement andtsooisa
control of temperaturanoisture movement from and into the concrete; with the aim

of keeping the concrete saturated or as nearly saturated as possible until tiadyorigin
waterfilled space in the fresh cement paste has been filled to the desired extent by the
products of cement hydration (Neville, 1981).

Proper curing reduces the rate of moisture loss and provides a continuous source of
moisture required for the hyation that reduces the porosity and provides a fine pore
size distribution in concrete (Alamri, 1988).

Curing may be applied in a number of ways and the most appropriate means of curing
may be dictated by the site or the construction method. It may her aitter it has
been placed in position (or during the manufacture of concrete products), thereby

providing time for the hydration of the cement to odgturing of ncrete, 2006).

Curing is designed primarily to keep the concrete moist, by preventingps$is of
moisture from the concrete during the period in which it is gaining strength. Curing
may be applied in a number of ways and the most appropriate means of curing may

be dictated by the site or tkenstruction method (Curing obacrete, 2006).

Since the hydration of cement does take time and days, curing must be undertaken for
a reasonable period of time if the concrete is to achieve its potential strength and
durability. Curing may also encompass the control of temperature since this affects
the rate at which cement hydrat&suring period may depend on the properties
required of the concrete, the pose for which it is to be used and the ambient

conditionsi.e. the temperature and relative humidity of the surrounding atmosphere.
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Methods of cung concrete fall broadly into the following categories:

88 Those that minimise moisture loss from the concrete, for example by covering
it with a relatively impermeable membrane.

88 Those that prevent moisture loss by continuously wetting the exposed surface
of the concrete.

88 Those that keep the surface moist and at the same time, raise the temperature
of the concrete, thereby increasing the rate of strength gain. This method is

typically usel for precast concrete produ¢€@uring ofConcrete, 2006).

The durability of concrete is affected by a number of factors including its
permeability and absorptivity. These factors are related to the porosity of the concrete
and whether the pores and capillaries are discrete or interconnéiiddg of
Concrete, R06).

Whilst the number and size of the pores and capillaries in cement paste are related
directly to its wateicement ratio, theare also relatetb the extent of water curing.

Over time, water curing causes hydration products to fill, either partially or
completely, the pores and capillaries presenthelp reduce the porosity of the

concretegpaste (Curing of Concrete, 2006).

2.5.1 Effect of Curingon Conventional Concrete

Experimental stuésby Gonnerman and Shuman (192&)dPrice (1951), show that
concrete continuously cured in air had lower compressive strength compared to water

cured concrete atlahe required age of testing.

Additionally, Guneyisiet al.,(2005) reported aompressive strength loss of-20%
of concrete cubes air cured compared to cubes that were wet cured. Compressive
strength losses were also recorded at ages of 28, 90 and 180 days $aircabesd

compared to wet cured cubes. Wet curing was reported to be more effective in
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improving the compressive strength at later ages for highater to cementw/c)

ratio specimen than lower w/c ratio specimen

Soroka and Baum (1994) concluded theit,28 days the compressive strength of
concrete cube specimens continuously wet cured was 40% higher than those uncured
and at 90 days, specimens continuously moist cured had compressive strength 20%

higher than those of uncured cubes.

The effect of curingoeriod and curing delay on the properties of concrete in hot
weather was studied by Ani et al., (1998). The athors reported that wet burlap
curing method was an effective technique for maintaining the moisture in concrete for
curing. However, they recnmended a minimum of 3 days of wet burlap curing for

rich mixes whereas 7 days for lean mixes.

Sorokaet al., (1998) conducted a similar study on the effect of steam curing on the
late strength of concrete with cement content ranging from 150 to 400. Kbie

delay in pouring the concrete was between680mirutes, the curing period varied

from 2 to 5 hours and the curing temperature ranged from 60ftC,80e results
showed that steam curing adversely affected the late strength of concrete. However,
under short curing periods and moderate temperatures this negative effect was
primarily due to lack of supplementary wet curing and due to physical factors, such as
increased porosity, internal cracking and the heterogeneity of the paste.

2.5.2 Effect of Cuing on Different Concrete Admixtures

An investigation report on the performance of slag, fly ash, and silica fume concretes
were studied byRamezanianpour and Malhotra (20@B)der four different curing
regimes, moist curing, curing at room temperatuterafemoulding, curing at room
temperature after two days of moist curing, and curing at 38°C and 65% relative
humidity. The results indicate the reductionnmistcuring period results in lower
strengths, higher porosity and more permeable concretes.sfféegth of the

concretes containing fly ash or slag appears to be more sensitive to poor curing tha
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to control concrete, with the sensitivity increasing with the increasing amounts of fly

ash or slag in the mixtures

Experiments conducted by Gradéeal., (1984) on the influence of curing on the gas
permeability of concrete prepared with different types of cement indicated that
ground granulated blast furnace slag (GGBS) and pulverised fly ash (PFA) cement
concrete had greater permeability than Podlaement concrete, when specimens
were cured only ol day. However, conclusion made wdst with prolonged
sealed curing, mixes prepared with blended cements performed better than Portland

cement with the same wateement ratio

An experimental studgn the effect of air curing, water curing and steam curing on
the compressive strength of Setimpacting oncrete was done by Binget al.,
(2003). SeHcompacting oncrete was produced by using silica fume instead of
cement by weight, in the ratios %, 10% and 15%, and fly ash in the ratios of 25%,
40% and 55%. The authors concluded that, mineral admixtures had a positive effect
on the seHlsettlement properties and the highest compressive strength was observed
in the concrete specimens with usingZdSilica fume and curing for 28 days in
water. Air curing caused compressive strength losses in all groups. Nonetheless,
relative strengths of concretes with mineral admixtures were determined to be higher

than concretes without admixtures at steam cuwrarglitions.

The effect of curing on the strength development of both OPC and fly ash cement
concretes was investigated by Haque (1990). Thea§0compressive strength of
OPC and fly ash cement concrete was reported to be 67% and 50% of continuously
fog cued concrete specimens. However, 7 days prior curing improved these values to
95% and 82% of the fully cured concrete

Khan and Ayers (1995) suggested that, aimum period of curing should be
optimized in terms of several properties, such as strengtmepdility and the

movement of aggressive gases and/or liquids from the environment. The authors
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experimental results showed that, the mininpemnod of curing required fdPortland
cements fly ash and the silica fume concrete mixtures were 3, 3.75, &dafs,
respectively and proved that concretes prepared with mineral admixtures are more

sensitive to water curing th&ortland cementoncretes.

2.6 Concrete Durability

The permeation properties are the key factors controlling the durability of concrete
Aggressive agents such as: water, oxygen and chloride will permeate and deteriorate
the concrete either by reacting with the other aggressive agents which are already
contained in the concrete or by corroding the reinforcement which in turn will cause
cracking of the concrete memb@&urable concrete must be dense and impermeable

to liquids and gases. It should possess high intrinsic resistance to external penetration

of ionic species such as sulphates and chloride (Osborne, 1999).

Ho (2003) defined peregation properties of concrete as the ease with which fluids,
both liquids and gases, can enter into, or move through concrete eL@hg2001)
categorised the main transport processes, which describe the movement of aggressive
substances through coet into three typesabsorption, permeability and diffusion.

88 Absorption:
Absorption or sorption is a movement of the liquids in the pores of hardened cement
paste under capillary suction in ambient conditions where concrete takes in liquid by
capillary suction to fill the pore space available. The capillary suction occurg ar dr
partially dry concrete, where the liquids fill the available pore spaces. This type of
permeation is particularly relevant to coastal structures, where chloride salts (carried
by wind) aredeposit on concrete surfaces atssolved by rain to form cbfide ions

which are then absorbed into the conctessling to deterioratior_pnget al.,2001)

88 Permeability:
Permeability is where a fluid passes into concrete under the action of a pressure

gradient. The rate of flow follows Darcy€s law for laminar flow through a porous
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medium. It depends on the pressure gradient and size of interconnected pores in the
cement pate.For flow to occur, the concrete has to be in its saturated conditions with
relevant pores being continuolermeability is a relevant property to be measured in
assessing the durability and serviceability otictures like dams, foundatiorsd
undeground structures, where they are in constant contact with waterg et al,

2001)

88 Diffusion:
Diffusion is where a liquid, gas or ion migrates through concrete, due to a
concentration gradient. In addition to the concentration gradient and theo$izes
capillary pores, the rate of diffusion is influenced by the type of penetrating substance

and the chemal properties of the concrefeonget al, 2001).

Diffusion of gases is very slow in saturated concrete and therefore, the property is
most relevanto concrete in abovground structures such as buildings and bridges,
where concrete is partially dry. For the durability of submerged or underground
structures, the diffusion of chloride and sulphate ions should be cons{tlereglet

al., 2001)

Durability of concrete is of great concern to researchers because it determines the
servicelife of concrete structures. Many structural failures can be traced to poor
durability development of concrete with timEnhancing concrete durability has been
widely discussed in a number of publications (Tagiral, 1994; Osborne, 1999; Bai

et al, 2002; Canan, 2003; Couraed al, 2003; Tsivilisaet al, 2003).0One of the
important factors that have gained attention afeegchers in improving concrete

durability isthe use of cement extenders or pozzolans in concrete mixtures

2.6.1 Oxygen Permeability Test

Permeation describes the process of movement of fluids through the pore structure

under an externally applied pressure whilst the pores are saturated with the particular
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fluid (Alexanderet al, 1999). Permeability is therefore a measure of the capacity fo

concrete to transfer fluids by permeation.

The permeability of concrete is dependent of microstructure, the moisture condition
of the material and the charagstics of the permeating fluigAlexanderet al,
1999).

The falling head gas permeametee the permeability of the oven dried coete

core samples to oxygen gagteimined by measuring the pressure decay with time
(from an initial value of 10&KPa). The pressure decay curve measured either directly
from gauges or using data logging frotransducers is converted to a linear

relationship by plotting the logarithm of the ratio of pressure heads versus time.

Figure 2.2: A setup of oxygernpermeability apparatus (Alexanderet al.,1999)

The oxygen permeability index test (OPI) is sensitivetheoamount and continuity of
larger pores and voids where most of the flow will occur due to poor compaction and
bleeding. The OPI is the negative logarithm of the Darcy coefficient of permeability
and value generally range from 8 to 1The higher the ermeability indexthe less

permeable the concrete, which enhances durability performances.
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2.6.2 Water Sorptivity Test

Absorption is the process whereby fluid is drawn into a porous, unsaturated material
under the action of capillary forcesléxanderet al., 1999) The capillary suction is
dependent on the pores geometry and the saturation level of concrete. Water
absorption caused by wetting and drying at the concrete surface is an important
transport mechanism but becomes less significant with depth wHiter sorptivity
test measures the rate of movement of a water front through the concrete under

capillary suction Alexanderet al, 1999)

Sorptivity is particularly sensitive to the miestructural properties of the near
surface zone of concrete and therefore reflects the nature and effectiveness of curing.
Generally, a lower water sorptivity index enhanced the potential durability of the
concrete and the values vary from approximately 5 fifnfbr well-cured grade
M30-50 concretes to 280 mm/H=for poorly cured grad®20 concretesAlexander

et al, 1999) A set up of thavater sorptivity test shown inigure2.3

Figure 2.3: A setup of water sorptivity testapparatus (Alexander et al.,1999)

2.6.3 Chloride Ingress into Concrete

The movement of chloride ions in concrete pore solution is somewhat different from
that in a pure solution as the pore structure of concrete de\eddiggona resistance

to ionic movemen(Alexanderet al, 1999).
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Diffusion as defined irsection2.6 takes place in completely saturated conditions
which differs from sorptivity, where the transport process occurs in an unsaturated
condition. Althoughdiffusion is not the only processes influencing the penetration of
aqueous ions into the concrete, most of theories regarding the chloride ingress are
based on diffusiofAlexanderet al., 1999)

The accepted method of modelling the chloride isgréue tadiffusion is by using
Fick€s first law (Crank, 1975). The chloride conductivity tesimeasures the
conductiveionic flux through a concrete disc under a potential difference, and is

related to the chloride diffusn properties of the concrete.

The apparatus consists of a ta@ll conduction rig, each cell containing a 5 M NaCl
solution so that there is no concentration gradient across the sample and chloride
migration is due to conduction from the applied potential difference as shown in
Figure 2.4. The concrete disc is pmonditioned by vacuum saturation with a 5 M

NacCl solution.

Figure 2.4: A setup of chloride conductivity tesiapparatus (Alexanderet al.,
1999)
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2.6.4 Implications of Durability Results

According to Alexanderet al, (1999, the suggested ranges of index values for

durability classification of concrefer three index testare shown in Table 2.8

Table 2.8: SuggestedRangesfor Durability Classification Using Index Values

Durability OPI (Log Scale) Water Sorptivity  Chloride Conductivity
Class (mm/hr®?) (mS/cm)
Excellent >10.0 <6.0 <0.75

Good 9.510.0 6.0»10.0 0.75%1.50
Poor 9.009.5 10.0015.0 1.502.50
Very poor <9.0 >15.0 >2.50

2.6.5 Sulphate Attack

Sulphateattack can be defined #%e deterioration of concrete as a result of physical
chemical interaction between minerals in hydrated Portland cement paste and
sulphate from the environment (Meh&t al, 1992). The interaction causes
expansion, cracking, spalling or even disintegrabf concrete. It may be noted that
attack of the same nature can also occur when therea@ion between cement
constituents anéhternal sulphate. The common feature is the appearance of excess

sulphate bearing phasestringite in the deterioratian

Sulphate attack can also lead to leaching of calcium compounds, degradation of
calcium silicate hydratéC-S-H) andthe overall deterioration of cement paste matrix
(Nabil, 2006). One of the most severe conditions for duralafitgoncrete isulphate

or acid environment caused by industrial wastes or chemical residues at reclaimed
grounds (Hanifi and Orhan, 2006).

Several studies have been performed to investigate ways of increasing concrete
resistance to sulphate attack through incorporation ofndgts (pozzolans) in
mortars and concrete mixes (Toeti al, 1995; Osborne, 1999; Rodrigu€amacho

and UribeAfif, 2002; Courardet al, 2003; Nabil, 2006).
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Consumption of calcium hydroxide proddcéuring hydration by cement extenders
and C3A presencealue to reduced quantity of cememintent when cement extenders
are incorporated will improve the resistance of concrete to sulphate attack
(RodriguezCamachoet al., 2002; Salah 2007). This omngates from reduction of
gypsum(CaSQ.2H,;0) and dtringite (CsASzH32) formation within the cementitious

system.

2.6.5.1 Internal andExternal Sulphate Attack
Internal sulphate attack occurs when deterioration of concrete is causeglhgteul
that has been introduced with cementitious materialamdth aggregate€xternal
sulphate attack is caused by sulphates from ground water, soils, solid industrial waste

and fertilizers, atmospheric $Qr liquid industrial wastes.

The ready availability of these sulphates causes damage to concrete jrigpents
concentration and soliity, the transport of waterral environmental conditions
(Skalnyet al.,1976; Torrest al.,2003; Senhadet al.,2005).

Both forms of sulphate attack are manifested by expansimcking and sometimes
spalling of ©ncrete. According to OmaQ02), formation of gypsum andtrengite
arecharacteristicef sulphate attack. Gypsum formation resuitthe deterioratiorof
hydrated cement paste, which is characterized by softening of the cement matrix and
causes reduction in cressectional area of the structural component and strength, due

to loss of cohesiveness of the cement hydration products.

Ettringite formation reults in expansion and cracking, when reactive hydrated

aluminate phases are attacked by sulphate ions.

2.6.5.2Effect of Cement type
The different forms of sulphate attack can be affected by the cement type. Sulphate
ions can be introduced to concrete rfiim internal sources. Cement type with high

content of tricalcium aluminate ¢8) will exhibit low resistance to sulphate attadk.
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the GA content of cement is more than 5%, most of the alumina it contained will be
in the form of monasulphate hydrateZ;A.CS.Hg or C3A.CS.H.. If the GA content

is more than 8%, the hydration product will also contain hydro gatg&tCH.Hs or
C3A.CH.Hp.

Alumina containing hydrates will be converted tottengite, which generates
excessive expansion in hardened concrete, when cement paste comes in contact with
sulphate ions in the presence of moisture. The reactions that result are shown in
equationg2.9)and(2.10).

C,ASH,82CSH, 526H 8€,ASH,, (2.9)

C,AH,,33CSH,534H 3€,ASH.,5€H (2.10)

High content of GS in cement is essential for early strength development. It also
produces high quantities of calcium hydroxide as giwguct of hydrationCH in
concrete will aid gypsum formation when exposed to sulphate ionB{kilijan et

al., 2003).

2.6.5.3 Effect 6 SulphateType and Concentration on Concrete
Concretedeterioration due to sulphate attack tends to increase with increase in the
concentration of sulphate solution to some extent (Omar, 2002) but beyond 0.5 % of
MgSO, or 1 % of NaSQ,, the rate oincrease in the intensity of the attackcbmes
smaller (Neville, 1981).

In the case of N&Q, attack, formation of sodium hydroxide (NaOH) is agrpduct
of the reaction causing continuation of high alkalinity in the system. This is essential

for the staility of the ettringite and reduces sulphate attack.

On the other hand, in the case of Mg&@ack, gypsum formation is simultaneously
accompanied by the foration of magnesium hydroxidéMg(OH),), which is
insoluble and causes reduction time alkalinity of the systemin the absence of
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hydroxyl ions in the solutionC-S-H is no longer stable and is also attacked by the
sulphate solution (Kumaet al, 1993). The attack by magnesium sulphate is therefore

more severe on concrete.

2.6.5.4 Effeciof Pozzolans on Sulphate Attack
The reaction between calcium hydroxide and pozzolans to form secondary calcium
silicatehydrate (C-S-H) helps in increasing the resistance of concrete structures to
sulphate attack in the following ways (Omag02; AlDulaijan et al, 2003; Sideris
et al, 2006)

08 Consumption of calcium hydroxide reduces the formation of gypsum

08 Replacement of cement quantity with pozzolan, leads to reductionAn C
content.

08 SecondaryC-S-H formation in the cement paste matrix produces a coating
around the reactive phases, therebydbring formation of secondary
ettringite.

08 Formation of secondarg-SH results in a more dense and impermeable

concrete, reducing the ingress of sulphate ions.

2.7Hazardous Waste

A hazardous waste is a waste with a chemical composition or other properties that
make it capable of causing illness, death, or some other harm to humans and other life

forms when mismanaged or released into the environment (EPA, 2005).

The Environmental Protection Agency (EPA) of theited States of America (USA)
created hazardous waste identification regulations that outline a process to determine
whether any particular material is a hazardous waste for the purposes of Resource
Conservation and Recovery Act (RCRA) (EPA, 2005).
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2.7.1 Classification of Hazardous Waste

In California and other States of the United States of America (USA), there are both
Federal and State regulations governing hazardous waste determifati@steis
considered hazardous by exhibiting any of the four characteristics: Ignitability,
Corrosivity, Reactivity or Toxicity (EPA, 2005).

08 Ignitability:
Ignitable wastes are wastes that can readily catch fire and sustain combustion. Many
paints, cleaners, anather industrial wastes pose such a fire hazard. Most ignitable
wastes are liquid in physical forivlany wastes in solid ano liquid physical form
(e.g. wood anghaper) can also readily catch fire and sustain combustion. Ignitable
wastes carry the wastede D001 and are among the most common hazardous wastes
(EPA, 2005).

08 Corrosivity:
Corrosive wastes are acidic or alkaline (basic) wastes which can readily corrode or
dissolve flesh, metal, or other materials. They are also among the most common
hazardouswaste streams. Waste sulphuric acid from automotive batteries is an
example of a corrosive wast€orrosive wastes carry the waste code D(BRA,
2005).

08 Reactivity:
A reactive waste is one that readily explodes or undergoes violent reactions. Common
exanples are discarded munitions or explosivdsstes exhibiting the characteristic

of reactivity are assigned the waste code D003 (EPA, 2005).

08 Toxicity:
The leaching of toxic compounds or elements into groundwater drinking supplies
from wastes disposed of in landfills is one of the most commays a general
population can be exposed to the chemicals found in industrial w&stés 2005).

Toxicity charateristic of a wate is further explained below.
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2.7.2 Toxicity Characteristics of Waste

The Environmental Protection Agency (EPA) developed a characteristic designed to
identify wastes likely to leach dangerous concentrations of certain known toxic
chemicds into groundwater in order to predict whether any particular waste is likely

to leach chemicals into groundwater in the absence of special restrictions on its
handling.

The EPAhasdesigned a laboratory procedure that replicates the leaching process and
other effects that occur when wastes are buried in a typical municipal landfill. This
laboratory procedure is known as the Toxicity Characteristic Leaching Procedure
(TCLP) (EPA, 2005)The EPA used groundwater modelling studies and toxicity data
for a number of common toxic compounds and elements to set these threshold
concentration levels. Much of the toxicity data were originally developed under the
Safe Drinking Water Act (EPA, 2005).

In 1990, the U.S. Environmental Protection Agency (EPA) promulgated a rule to
revise the existing toxicity characteristics which are used to identify wastes that are
hazardous and thus sutjeto regulation under SubtitleC of the Resource
Conservation and &overy Act{RCRA) (Bricka, 1992.

2.7.2.1 Total Threshold LimiConcentration (TTLC)
The Total Threshold Limit Concentration (TTLC) is the maximum concentration
allowed for a waste in solid or powdered form to be considered possibly non
hazardous (EPA 2005).

Total Threshold Limit Concentratioanalysis determines the total concentratién o
each targeanalytesn a sample. Samples are analysed by EPA 7420 for leadyand

EPA 6010 for other metal§Vhen any targeanalytesexceeds the TTLC limits the

waste is classified as hazardous and its waste code is determined by the compounds
that faledthe TTLC test(Micro Analytical Laboratories, 2013)
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The results off TLC can be used to determine if analysis for Soluble Threshold Limit
Concentration(STLC) level is necessary by comparing 10 tirttes STLC limit to

TTLC results.A factor of ten is considered to compensate for a 1:10 dilution factor
that is present in one analysis but not the other. If the TTLC results do not exceed 10
times the STLC limit then normally no further analysis is requiMdro Analytical
Laboratories2013)

2.7.2.2 Soluble Threshold Limit Concentration (STLC)
The Soluble Threshold Limit Concentratig8TLC) is the maximum concentration
allowed for a waste in liquid forno be considered possibly ntwazardous (EPA
2005).

This analysis determines tlamount of each analyte that is soluble in the "Waste
Extraction Test" (WET) leachate. This Waste Extraction Test (WET) leachate
procedure is used for solid samples or for samples containing <0.5% solids. The
sample is stirred by measuring 10 times its Weig a 0.2M sodium citrate buffer for

48 hours. This leachate is then analysed to determine the soluble concentrations
(Micro Analytical Laboratories, 2013)

Total threshold limit concentration and Soluble threshold limit concentration are
intended to simlate the conditions that may be present in a landfill where water may
pass through the landfill waste and travel into the groundwater, carrying the soluble
materials with it. When a waste is analysed and the concentration bstarste is
found to lie bewveenthe accepted Total Threshold Limit Concentration (TTLC) and
Soluble Threshold Limit Concentration (STLC) values for a particular substance,
further analysis may be required (EPA 2005)

2.7.2.3 Toxicity Characteristic Leaching Procedure (TCLP)
This analysis is similar to the Waste Extraction Test (WET) and determines the
soluble portion of the analytes. The alkalinity of the sample is first determined in

other to know which of the two different extraction fluids should be used. Samples
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with a low allalinity use extraction fluid made of sodium atetsolution with a pH
of 4.93.

Samples with a high alkalinity use extraction fluid made of dilute acetic acid solution
with a pH of 2.8. The sample is then tumbled in the apprepeistraction fluid for 18
hours(Micro Analytical Laboratories, 2013)

2.7.2.4 Inductively Coupled Plasma (ICP)
Inductively coupled plasmaatomic emissin spectrometry (IGRRES) is an
instrument used to determine the trace elements in a solution. With the exception of
groundwater samples, all agueous and solid matrices such as waste, soils, sediments,
paint chips, dust wipes, air and other solid wastes need acid digestion prior gisanaly
(EPA, 2005.

Inductively coupled plasmatomic emission spectroscopy (KMES) is also
applicable to all ofthe elements shown inable 2.9.For analysis,samples are
nebulized and the resulting spray is transported to the plasma torch. Espeeint

atomic line emission spectra are produced by a +daquency inductive coupled

plasma.

The spectra are dispersed by a grating spectrometer, and the intensities of the lines are
monitored by ultra violet (UV) ah visible solid state detecto(Segmeted Array
Chargecoupled Device Detecto(Micro Analytical Laboratories, 2013)

2.7.3 Leaching Characteristic of Metdlurgical Slagsin Concrete

One potential concern for slag materials used in concrete is their heavy metal content
and leachingcharacteristics. A slag has to be characterized, irrespective of whether

the materialvill be utilized or landfilled (Tossavainen, 2005)

Slags that are to be usedpeciallyin roadmaking have to fulfil the requirements of
mechanical and environmental roperties accordingto specified standards

(Tossavainen, 2005)
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Lind (2002) has shown that blast furnace slag, aside from the fact that it leaches less
than rock materials, reduces the impact on the environment by sorption of metals on

the slag.

Togerd (20@4) investigatedthe leaching of substances and metals from a reference
concrete, GGBS and fly ash concrekbe aithor concluded that, concrete type does
not necessarily change the leaching behaviour in $eort tests; however, more

research on thieng-term binding of substances in ceméased materials is needed.

A similar research work by Alter (2005) and tial., (2008) confirmed that, the
amounts of leached elements of copper slag are significantly lower than the
regulatory levels determéal by the United States Environmental Protection Agency
(EPA).

Zain et al, (2004) alsoreported thatcementmortar made byincorporating waste
copper slag up to 10% replacembgtweight of Portland cemensg safe withrespect
to leachabilityof heavy netal similar toTable 2.9; the athors used direct air
acetylene flame atomic absorption spectrometer method to determine the

concentration of the respectiians in the leachability test.

Sanchez de Rojast al, (2004) showed that the copper slag incorporation into
cement mortar does not cause an increase in leached elements and therefore their

application inconventionatoncreteproduction posed moderada@vironmental threat.
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Table 2.9: List of Inorganic Substance and Their Soluble Threshold Limit Concentration

Substance STLC TTLC Range of STLC values for which further testing] TLCP
(mg/L) (mg/kg) must be done (mg/L)
Antimony 15 500 » 150 mg/kg -
Arsenic* 5 500 » 50 mg/kg 5
Barium* 100 10,000 » 1000 mg/kg 100
Beryllium 0.75 75 » 7.5 mg/kg -
Cadmium* 1 100 » 10 mg/kg 1
Chromium* 5 2,500 » 50 mg/kg 5
Cobalt 80 8,000 » 800 mg/kg -
Copper 25 2,500 » 250 mg/kg -
Lead* 5 1,000 » 50 mg/kg 5
Mercury* 0.2 20 » 2 mg/kg 0.2
Molybdenum 350 3,500 » 3,500 mg/kg -
Nickel 20 2,000 » 200 mg/kg -
Selenium* 1 100 » 10 mg/kg 1
Thallium 7 700 » 10 mg/kg -
Vanadium 24 2,400 » 240 mg/kg -
zZinc 250 5,000 » 2,500 mg/kg -

*TLCP Metals(Source:http://www.northcoastlabs.com/sendaasalysistesting/hazardowgaste.php)
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Chapter Three
3.0 Materials and Experimental Procedure
3.1 Materials

3.1.1 Portland Gement

Type 1 Portland cement with strength class of 52.5 MPa atag8water curing
(CEM 1, 52.N) procured from local cement manufacturing company called PPC
(Ltd), was used for this study. PPC (Ltd) type 1 cement is among the most widely
used cements in the construction industry in South Africa, made from high quality

raw materials (limestones and clays or shales).

The limestone enters the kiln, which consist of a slowly rotating tube set at a slight
anglewith an operating temperature usuallytlie order of 90500 C. The product

of thelimestoneburning process called clinkerasr cooledandinter-ground with5%
gypsun to control the flash setting of theement(Mantel, 1991). Grinding was
carefully controlled to ensure consistentfpanance in the 52.5 N strength claseés

cement typen acordance with SANS 50197 for common cemen{$1antel,1991)

The properties of the cement confarta the requirement ANS 501971 and both
the chemical oxidend mineralogycompositionof the copper slagexaminedusing
the X-ray fluorescence(XRF) techniquesand X-ray diffraction (XRD) pattern
respectively are shown in chapter folihe total trace metal constitusndf the
copper slag was analysedsing the Inductively Coupled Plasma Emission
Spectroscopy (ICRAES) in accordance witleEPA mehods 200.7 and 200.8. The
physicalproperty of thegranulatedslag isalsotabulatedn chapter fourTable 43.

3.1.2 Fine and Coarse ggregates

Granite aggregates are crushed hard rock of granular structure, being the most
common on Earth. Granite roadomes from magma that erupted on the ground

surface and then harden@dfarge, 2013)Good properties of granitgonesmake it
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the most popular building material and in terms of its technical characterxtiasse
grante aggregates between-280mm and fine granite aggregates betweédum ¢
4.75mm particle sizesprocured from Afrisam South Africa were used for this

experimental work.

The sampling of aggregates weatene in accordance witBAS EN 9321: 1997and

the patrticle sie distribution curve for bth granulatedcopper slagcoarse and fine
aggregates used for this experiment sih@wnin Figure 4.2 in accordance with
SABS 829:1994All the aggregate used for this experimemwere air dried under
standardlaboratorytemperature For gradation of aggregates using standard SABS
sieves samples were placed insaitable basin and drigd an oven at a temperature
not exceeding 110°C in accordance with SABS 829:1994.

3.1.3 Copper Slag

The opper $ag used for this research work whmought from Katanga Province,
Democratic Republic of Congo. Katanga is a province with several mining companies
producing copper and cobalt. These companies include Electric Foundry of Panda
(FEP), Electric Foundry of Kolwezi (FELCO) and STL Qumany all bcated in

Lubumbashi.

Figure 3.1: Granulated Copper Slag Figure 3.2: Pulverised Copper Slag
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The phyical appearance of themper $ag is black,glassy and granular in nature
with similar particle size range like sardostly between 4.75 and 0.075 mm in size.
The relevant chemicakompositions such a#s oxide constituentsand physical
characteristicsvere determined angjiven in Table4.1 and 4.3espectively and are

thoroughly discusseith chapter four

3.1.4 Mixing Water

Waterof drinking standard at room temperature was used for all concrete mixes and
also forcuring of all concretespecimensSimilarly for the durability testand other
test performednvolving water the water used was of the sameality standard. A
constant wateto cement ratip mix proportion was maindined for all concrete

batches and is representediaible 3.1.

3.2 Physical Test Procedure foCement andPulverised copper slag
3.2.1 Milling of Copper Slag

Two batchesof the @pperslag are eactveighed to an approximate maximum value
of 4 kg on an electronic beam balancénelweighed sampleserethen placed into
the grinding chamber of a two feedpmilling machine. Prior to placemeaot the
slag into the pt chamber, 3&g weight of steel ballgvere simultaneously placed in

the grinding chamber of el cylinder compartment or pot.

The two cylindersveretightly closed and the milvasset toa rotation speed of about
14000rev/min The mill ranfor approximately &1 hours, afterwards the pulverized
slag wasremoved and testedor surface area andineness using the Blaine
permeability apparatuand steel mestsievesrespectively The milling processvas
repeaed until the desired fineness washieved.

The Blaire permeability apparatus and te&inless steedievesof sizes 45, 90 and
212 pmmare shown irFigures 3.4 and 3.@spectively
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3.2.2 Fineness Test Using Sieve Analysis

25 g of the pulverize copper slag was carefully placed in a 45 um sieve to avoid
losses, the sieve was fitted with the lid and agitdte swirling until no more fine
material passd through in accordance witBEN 196-6. The residue was removed,
weighed, and expressed as mass percentage ofitiaé quantity first placed in the
sieveto the nearest 0.1%. The experiment was repeated for 90 pum and 212 pm sieves
for both Portland cement arlle pulveriseadtopper slagampls. The sieves usefbr

the experiment arghown in kgure 3.3

Figure 3.3: Stack of sieves for finenes Figure 3.4: Blaine air permeability test

test setup

3.2.3 Blaine Air Permeability Test

The fineness ofboth slag andcementhas a significant effect on thghysical

properties when used in concrete. Generally the finer the slag powder, the more
rapidy the concrete will set, as there is an increase exposure of the surface area
consequently increasing the rate of micro reaction. The Blaine air permeability

apparatus was used to determine the fineness of Portland cement and pulverized
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copperslag interms of the specific surface, expressed as total surface area in square
centimetes per gram as p&N1966.

The Blaine permeability apparatus skown inFigure 3.4 The Blaine apparatus
draws a defined volume of air through a prepared bed of compaateeht powder

of defined porosity. The resistance to air flow is directly proportional to the fineness
of the sample gras) as long as the same testing conditions are obsefvsa.
apparatus comprises of a stainless steel permeability cell 25 'U' tube
manometer, perforated metal disc, plunger, rubber stoppea &t about 3@m

long with rubber bulb. The resultd the test performed for botlement andcopper

slag are presented in thable4.6.

3.2.4Water Absorption and Specific Gavity Determination

The specific gravityand water absorptioof the granulated copper sland sand were
determined in accordance withRSTM C128. For water absorption testhe fine
aggregates were saturated for a peab@4 hous. After full saturation, the material

wasprogressively ded and checked in a small cone.

Saturation was achieved when the weight of the material @fteas slumped by

dime from the top of the conRepetitive drying of the aggregatess doneuntil the
appropriate slump waachieved. The water absorption was determined using the
appropriate equation as per ASTM C128; the experiment was repeated for granulated

copper slag

For specific gravity, lte weight ofthe bottle was measured dry on an electronic
bdance, afterwards filletlo about one third witlyranulatedcopper g, with water
filled to the brim and reweighed. The same bottle containingytheulated cpper
slag was emptied then filled with distilled watenped clean andeweighed after all
air bubbles havescapedhrough vacuum punmipg. The procedure was repeated for
sand, cement and thmulverisedcopper slag The results werériplicated for each

samplefor acaracy and the average valwasrecorded.
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3.3 ChemicalTest Procedure for Pulverized Slag
3.3.1Rietveld X-Ray Diffraction (XRD) Method

The Rietveld method was developed by Hugo Rietveld (1969)o refine neutron
diffraction data. Ladr themethod was adapted to-rdy diffraction data byvalmros
andThomas(1977 and byYoung et al, (1977).

The underlying principle of this method is that, the intensities calculated from a
model of the crystalline structure are fitted to the observedyXpowder pattern by a

least squares refinement. This is achieved by varying the parameters of the crystal
structures and of the peak profiles to minimise the difference between observed and

calculated powder patterns.

Because the whole powder pattern is taken into considergiioblems of peak
overlap are minimised and accurate quantitative analyses camehantainedThe
results of theX-ray diffraction pattern analysisised todetermine the mineralogical

compositionand the glass conteaot thecopper slag is shown ifgure 4.1

3.32 X-Ray Huorescence (XRF)

The elemental composition of the copper agple was lstained with the help of
X-Ray fuorescence gectrometerto determineall the major oxides present in the
sample. 4g of ovendried, finely ground copper slag sample andy Iof micro
crystalline methyl cellulose were mixed uniformly with isopropyl alcohol and kept

for slow drying under a 200 W infrared lamp.

The dried sample was made into pellets by filling in an alumindish and was
compressed under loadth the help ofa hydraulic jack. The compressedllpé was
run in the XRF setup for computing thgidescompositionof elements as percentage
by weight of the slag sampl&he copper slag sample was analysed mtlséfricaat
Lafarge Chemical &boratory (Pty) andHeidelbergCement Technology Centie
Germany. The XRF results are tddted in tiapter four
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3.3.3 Total Threshold Limit Concentration (TTLC)

Total threshold limit concentratioanalysis determines the total concentration of each
targetanalytesn a sample. Samples aranalysedby EPA 7420 for lead ahby EPA
6010 for other metalsThe total trace metslconstituent of the copper slag was
analysedwith the Inductively Coupled Plasma Emission Spectroscopy XES)
according to the EPA methods 200.7 and 2@Q.Bleidelbeg Cement Technology

Centre GmbH5ermanythe resultss shownin Table 4.2

3.3.4Loss on Ignition (LOI)

Loss on gnition consists of strongly heating or igniting a sample of the material at a
specified temperature, allowing volatile substances to escape, until its mass ceases to
change. The simple test typically consists of placing a smadluntof the material in

a preignited cucible and determining its mass. Thereaftiee, materials placedn a
temperatureontrolled furnace for a set time, cooling it in a controlled,@@e
atmospere and raetermining the mass as per SANS 5019A small sample of

the copper slagvas oxidized with HN@ prior to ignition by heating in a furnace
under controlled conditions for Iinutesto a temperature of abo@60°C and the

weight loss was measuredancordancevith SANS 501971

3.4 Physical Test for Mortar Paste
3.4.1 SettingTime Determination

5009 of CEM I (52.5N)pasteeach waprepared with pulverized slag replacement at
the required percentages i.e, B5, 5, 10 and 15%at a laboratory with relative
humidity of approximately 5@ for about 4minutes10 se@nds for bothmixing and
moulding,afterwards immersed in diB&ad water at a temperature 20 °C as peEN
196-3:2005.

The water rquirements for standard consisty were determinedor each

percentage replacemgmntor to preparing the paste to determinegbting time. The

577 P age



penetration depth of the plunger and the halage waswithin the required range of
4-8 mm as peEN 1963:2005.

The initial and final setting time measurement was performed using the Manual Vicat
apparatus anthe penetration depth beten the needle and the baate was within
the distancaange of5-11 mm in accordance with EN 19862005 under standard

laboratory conditiorwith relative humidity of approximatel$0%.

Figure 3.5: Initial s etting time setup Figure 3.6: Final setting time setup

3.4.2 Heat ofHydration

The heat of hydration for this experimensalildy was conducted using theluction
isothermalcalorimetricmethod.The procedure involvedlectronicallymixing about

3 g of the cemant combinations with about &l of distilled water in a 20ml
disposable glass ampoule for about 1 minute to produce a mix of uniform
consistency. The ampoule was placed in an induction calorimeter manufactured by
Tam Air, connected to a computer and securely insulated to preveheankpss and
maintained at a constant temperature of aboyt@@ reference ampoule containing

water to balance the heat capacity of the sample ampoule was used in order to reduce

58 P age



the noise of the signal. The sample and reference ampoules were lo#uedane

time to minimise the time to reach thermal equilibrium.

The heat generated by the paste sample, in the isothermal calorimeter is sent as
electric signals by a sensitive thermopile to the computer for recording and
calibration. The heat of hydrati generated for 6Bours from he start of the test was
progressively recorded to obtain the total heat generdtezllength of the test was
limited to 3 days as the rate of heat evolution becomes too low to measure beyond the
time period.The test was grformed at PPC (Ltd) laboratory in Johannesburg South
Africa.

The heatevolutionwas investigatedwith different proportions of pulverised copper
slag ranging fronthe control, 2.5, 5, 10and 15% replacing Portland cement by
weight.

Figure 3.7: a) Induction calorimeter Figure 3.7 b) Electronic syringe for

setup mixing the cement paste
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3.5Mixing and Fresh Concrete Properties
3.5.1 Mixing of Concrete

A series of concrete mixegere cast in cubic moulds of nominal size 100 mm an
prisms of cross section 100m x 100 mm and length 35@&m usingthe mix design
shown in Table 3,1Activation of pozzolanic reactions of the pulverized copper slag
wasdone using 1.5% hydrated linty weight ofPortland cemeribased on a similar
research by Arino and Mobasher (199Bhe materials were weighed using a digital

balance and mixed in a rotating pan mixer in accordanceS#iS 58611.

The electronic pan mixer was thoroughly cleardrted and thereafter, wiped with a
damp cloth. The mixer was loaded with approxiehahalf the quantity of the cose
aggregates, then with the cement, thereafter, with the fine ajgragd with the rest
of the coase aggregate in such a way as to pnévess of material as par SANS
58611.

Table 3.1 Concrete Mix Proportion

Copper slag replacement (%) 0% 25% 5% 10% 15%
Portland cement (kg/Hh 352 343.2 3344 316.8 299.2
Fine aggregate (kgfn 758 758 758 758 758
Coarse aggregate (kgin 995 995 995 995 995
Pulverised opper slag (kg/f) 0.0 8.8 17.6 35.2 52.8
Hydrated lime CEOH), kg 53 5.3 5.3 5.3 5.3
Water (kg/n) 170 170 170 170 170
Water to binder ratio 05 05 0.5 0.5 0.5

The dry materials were mixed for not longer thans8fondsand finally water was
added slowly. The mixing was continued until all the concrete was uniform in
appearance for a period not more than 3 minutes. After the mixing, the concrete was
reworked with a trowel to ensure that all the fine material stickingpgodrum was
worked into the concrete mass. The mixing of concrete was done under standard
laboratory condition as per SANS 5861 & the concrete and materialsbbratory

University of the Witwatersrand, Johannesburg South Africa.
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3.5.2 Workability-Slump Test

The slump of the fresh concrete was determined to study the effect of copper slag on
the workability of the concrete mixturem accordance withSANS 58621. This
method was employed to explore the slump of fresh concrete cone under its own
weight, usng different mixes for control samples afwt copper slageplacemenof

cementn the fresh concrete mix

Prior to starting the slump test, the interior surface of the mould was cleaned and
damped. The mould was placed on a clean, smooth, horizontal)engited metal
plate surface. Whildghe mould was being filled, it was firmly held in place by

standing a the foot pieces.

The mould was filled with freshly mixed concrete in three layers, each approximately
one third of the height ahe mould. Each layer was tantpwith 25 strokes with a
tamping rod by distributing the strokes uniformly over the esesdon of the layer.

Each layer was tamped throughout its depth, to ensure that when the second and third
layers were being tamped, the strokes peneirdte the underlying layer as pe
SANS 58621.

Figure 3.8: Determination of the slump of freshconcrete from the pan mixer
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The concrete was demoulded by raising the mould véyticdowly and carefully, in

5 to 10 seconds in such a manner as to impart minimum lateral or tensional
movement to the concrete. The entire procéssn moulding and deoulding were
carried out within 15Geconds Immediately after demouldg as shown in iGure

3.8, the slump of the concrete was measured to the neanest, By determining the
difference in the height of the mould and the highest point of the specinaken test

as shown irFFigure 3.8 The results of the slump test weeearded andirepresented

in Table 49.

3.6 Curing of Concrete Specimen

After testing for slump, the fresh concrete mix wetaced in twolayersin the
appropriate moulds, amtbmpacted using the electronic vibrating table for not more
than 30seconds Vibration was ceased when large air bubbles were no longer
released and the surface of the coterneas relatively smooth and hadglazed

appearance.

The specimens were covergdth an impervious polyethylene sheet, cured under
laboratory conditions of temperature £20C, relative humidity above 50% and
demoulded after 24r. The specimens were carefully stored to prevent loss of
moisture during transportatiouring and after eémoulding the concrete samples
were well protected against any form of shock or damagyecompaison of the
temperature ancelative humidity 6 all three curing methods uséar up to 90 days

andmonitored by using a digital propare presented iRigure4.7 and 4.8

3.6.1Air Curing of Concrete

The demoulded concrete cubes were air cured astdmeslardaboratoryconditions
The laboratory records an average temperature of 24+1°C and 21+1% average
relative humidity. Concrete cubes after demoulding were placed in stacks and

ambient air was allowed to freely floaround the cubes.
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The temperature and relative humidity werdydaonitored until the required age of
curing, for compressive strength determination ahd resultsare thoroughly

discussed in chapter four.

Figure 3.9: Stack of concrete cubes cured in ambient air for up to 90 days

3.6.2 Water Curing of Concrete

The series of concrete cubes of nominal size 100 mm and prisms of cross section 100
mm %100 mm and length 35&m were demoulding after 24 hsucuring in the
standard laboratory conditions. The specimens were +o@istl in a water tank, at
temperature oR0+1°C and tested at the required age of curifige water curing
encompasses the control of temperature since this affects the rate at which cement
hydrates. The near constant water temperature veasumed using a thermometer.

The results for curing ufw 90 days arehown inTable 4.10 and 4.1fespectivelyfor

bothconcrete cubes and prisspecimes.

3.6.3 Solar Chamber Curing of Concrete
The solar chamber was made of ordinary rectangular plastic container of dimensions
length 1300 mm, breadth 600 mm ameight 700 mm; with a glass lid ofaverage

thickness 0.9 mm. The chamber was paintéde in colour, to reflect theays of the
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sun and Blp keep the concrete specimens in a uniform temperature during extreme

hot weather conditions.

Granite stones of average size 19 mm were placed at the bottom of the chamber to a
depth of about 2B20 mm and filled withordinarytapwater 1@ mm undernedt to

keep a higher constant relative humidity inside gbkarchamber. The chamber was
tightly sealed afteplacing the demoulded cubes amdligital probe was attached to

monitor the interior temperature and relative humidity.

Theinterior conditions othe chamber wermot regulated, but however recordaal
averagetemperature of 35+1°C and 90+1félative humidity depending on the
climatic conditions Concrete specimsnwere quickly removed and tested at the

required curing age to prevent excess lodseat during the removal process.

Figure 3.10 Concretecubes and beamsmmersedin water curing tanks
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Figure 3.11 a) Concrete cubes cured inside the solar chamber

Figure 3.11b) A temperature and humidity digital probe attached to monitor

the internal conditions
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3.7 Characteristics Strength Determination
3.7.1CompressiveStrength of Cubes

The bearing surfaces of the platens of the compression testioginewere wiped
clean and the load was applipdrpendicular to the cast faces of the concrete cubes
specimens. The axis of tleachspecimen was aligned with the centre of thrust of the
spherically seated platen and the platen adjusted gently by hand to achfeva un
contact prior to applying the loas$ paiSANS 5863:2006

To determine the unconfined compressive strength, ninety concrete cubes of size 100
mm x 100mm x100 mm were cast for each mixture. For all three curing method used
for this experiment, # specimens were kept for 3, 74, 21, 28, 60 and 90 days
before the compressive strength test were coedu@he compressive strength of
eachspecimen wasalculated using thisrmulain equation 3.Dbelow.
P
F. 0= ~ (3.1

Where

F.is the compressive strength,Megapascals;

P is the maximum load at failure, Mewtors;

A. is the crosssectional area of the specimen on whilsl compressive force

acts, insquareMillimetres

An average of three samples wéested atonstanioading rae of 1.0 kN/s at each
requiredcuring age in accordance witBANS 5863:2006using the Tinius Olsen
compressive machine at tlkencrete materials laborateripepartmentof Civil and
Environmental EngineeringUniversity of he Witwatersrand, Johannesburg. The
results of the average compressive strenfithreespecimens for eaaturing ageare

represented iifable4.10
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3.7.2 Flexural Strengthof Beams

For flexuralstrength determination, concrete beam specimen of cross section length
300mm, breadth 10é6hm and width 100 mm were cured in water fov 314, 21, 28,
60 and 90 days. The dimensions of #aehbeamweredetermined to the nearesm

and the mass of easpecimerwasdetermined before testing.

Therollers of the compression testing machine wenged cleaned and theoncrete
beamspecimen placed centrally on the supporting rallerth orientation of the cast
face perpendiculao theloadingface. The axis of the specimemas alignedwvith the
centre of thrust of the spherilyaseated top roller holder(s), whiles ensurthgtthe
axes of both théop and the supporting rollers are normal to thegitudinal axis of
the specimen in accordance W&ANS 5864:2006

Demoulded prism specimewerewater cuedandtested atherequired curing aget
a loading rate of0.6 kN/s until failure The failure loadwas recaded for
computations using equatid@?2 listed below For both the control samples afat
eath percentage replacementRdrtland cement with copper slag, three beams were
tested at the required curing age for flexural strength ufal@r point bending
conditionsas shown in Figure 3.14n accordance witlSANS 5864:2006 The
average moduliof rupture (flexural strength) was determined using the expression

in equation 3.2 fotheloading method used for this experiment

F 5= PL
bd °

(3.2)

Where
Fcris the Flexural strengthn Megapascals;
P isthe maximum load at failure, in Newtons;
L is the distance between the axes of the supporting rollekdillimetres;
b is the width of the specimen,Millimetres;

dis the depth of the specimenNllimetres
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The results of themodulus of rupture of all mixtures showsdnilar trendto the

compressive strength resudts the replacement level of @y slag increased.

Figure 3.12a): Flexural strength test Figure 3.12(b): Compressive strength

performed on concrete prisms test performed on concrete cubes

3.8 Concrete Durability Test Procedure
3.8.1 Coring of Samples

Watercooled diamond tipped core barrel, with a nominal internal diameter of 70 mm,
attached to a suitable coring dsthown in kgure 3.13was used for cormpconcrete

discs from the cube3he conaete cubes were clamped firmiyto a holding device

and the core barrel was placed perpendicular to the centre of the face to be cored. For
this experimatal work, a total of 20 disosith an averageiameterandthickness of

70 mm and 29 mmrespectively were cored and cut as per SANS 51&hown in

Figure 3.14.

Immediately after cutting the concrete disthe specimens were placed in the oven at
50 °C for 7days. The disc specimens were thereafter transfartea idesiccator for
cooling to about 22C and relative humidity 018% mnaintained inside the desiccator
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which lasted for abouB hours. The concrete discs were measured with a vernier
calliper at 4 different points equally spaced around the circumfetendetermine

the diameter and the procedure @afed to determine the depthtbe cored discs.
Following the aforementioned procedure, three durabilitystestmely; oxygen
permeability, water rptivity and chlorideconductivitywere performed on the cored

discs.

Figure 3.13: Coring drill for cutting Figure 3.14: Cored dscs specimers of

concretediscs specimens average diameter 70 mm

3.8.2 OxygenPermeability TestProcedure

The cored disc samples wearace inacompressible collar within a rigid sleeve, with

the test face at the bottom and resting against the lip of the collar. The sample, collar
and rigid sleeve were placed on the permeability cell so that it covers the hole in
accordance with SANS 51& Afterwards, the cover plate was partially tightened
with the top screw on to ensure that it was centred. The setup is now tightened
adequately to ensure no leakage of gasshown inFigure 3.15 The valve of the
oxygen suply tank was open to between 1kBato allow oxygen to flow through

the permeability cell for abouteconds Prior to that, oxygen inlet and outlet valves

of the permeability cell were both opened as per SANSZIBhe oxygen outlet

69 P age



valve of the permeability cell was tightly closed, ts@me that there are no leaks
followed by an increase the pressure in the permeability cell to aboviePEOOrhe
time and pressure reiads in the permeability cell werthen recordeth 15 minutes

time stepdy the data logger connected te @ypparatusor about dhours.

Figure 3.15@): Oxygen permeability Figure 3.150): A computer data logger

index measuring setup

3.8.3Water Sorptivity TestProcedure

The vertical curved sides of the cored disc specimen weredsgdlea packing tape
extenadto the extreme edges of the sides towards the test face amedeintothe
desiccatoras shown in Figure 3.16yhere the temperature was controlled to about
23+2 °Cand 6@&2 % relative humidityfor about 2hours

The thickness and diametef eat dic specimenwas measured Wi a vernier
calliper at 4 points equally spacedoundthe perimeter ofeach discand were
recorded 10 layers of paper towekere then placed on #@ray and a solution of

CaOH), poured umto the tray, the paper towel was saturated with water visiltheat
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top surface. All air bubbles were removed by smoothitegpaper pad towards the
edgewith the final water level slightly above the bottom of the edge oé#uhdisc

specimen below maximumof 2 mm up the side as peBANS 5164.

Figure 3.16: Cored concrete discs Figure 3.17: Cored concrete discs

samples stored in a desiccator samplesbeing tested for sorptivity

An additional piece of the towel paper was reserved for remasogss water from
the specimen and was kept next to the tray. WithimB@utes after removing the
discs specimens from the desiccatbe dry mass of theach specimen was recorded
andimmediately placed with the test surface on the wet paper pad astbfveatch

was started.

The specimesnwere weighed at 3, 5, 7, 9, 20 andrbutes, after patting it once on

the damp piece ahe absorbent paper not longer than 15 seconds and replaced each
time after weighing until the maximum time of &linutes as pe SANS 5164. The
concrete discs specimetigereafter werevacuum saturated in water to determine the

effective porosity.
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3.8.4Chloride Conductivity Test

The chlorideconductivitytest was conducted to assess the quefitgoncreteas per
SANS 5163. 2.93 kg of NaCl was added to 1ires of water to form a brine solution
in acontainer The solution was stirredntil all the salt hd dissolvedand afterwards
seakdandstoral for oneday at a temperature of 2&. The concrete disspecimens
were arranged tomaximisetheir exposed surface area btanding the individual
specimensupon their curved dges, rather than the flat side as NS 5163

shown n Figure 318.

The connecting points of the conductiorlls were unscrewed and the lugging
capillaries of the chloride cetlonnected tdoth chambers of the cell were filled with
NaCl solution. With the flexible collar in the central ring portion of the cells, the
concrete disc samples were placed within the collar with one face againsagtie pl

lip of the rigid ring. The central portion of the cathode section of the cell was screwed

ensuring that the solid plastic lip presses against and compresses the flexible collar.

Figure 3.18: Concrete discs samples Figure 3.19: Concretedisc being tested
immersed in NaCl Solution for chloride conductivity
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Both parts sealingachsample were tightened to eme that there were no signs of
leakage. Both the ammeter and voltmeter were cdaedeand the DC power supply
adjusted until the voltage appliegtross the specimemas approximately 10V. The
current and voltage readings were simultaneously recorded as shévguria 3.19
Testing was completed within 15 minutes of removing the specimen from the
suspended NacCl solution. All other concrete demesitingtesting were stored in the
NacCl solution in accordanaeith SANS 5164.

3.8.5Sulphate Attack Test Procedure

In order toinvestigate the effectsf gulphate attack, a total of G®ncrete cubes of
nominal size of 100mm were pepared. From them, 3Bubes were used for
determining the compressive strength of concrete continuously immerseden wa
(normal condition), while 3@ubes were used for measuring the compressive strength

of concretes immersed in sulphate solution (sulphate attack condition).

Figure 3.20 Concrete cubesimmersed in50g perlitre of Na,SO, solution
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Concrete cubewerecured for 24hoursafter demouldinginderstandardaboratory
conditions of temperature20+2 °C and a relative humidityabove 50% were
immersedin water fordays and afterwards transferred to the sulphate solotae
of 50 g per lite of N&,SO, (0.352 M or 5% Ng5Oy) at 23 °C. Similar to research
performed by Najimet al., (2011 on thedurability of copper slag contained concrete

exposed to sulphate attack.

The specimens were kept sulphate solutiorfor 7, 28 and 10 daysas shown in

Figure 3.20before thecompressive strength test ieeconducted. An average of two
samples were tested at constant loading rate of 1.0 kN/s at each required curing age
similar to the procedure described at section 3.7.1 to compare thgtisti@st due to

sulphate attack and tke of water cured
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Chapter Four
4.0Results and Discussion
4.1 Mineralogy Composition of Copper Slag

The Xray diffraction (XRD) study inFigure 4.1shows that the mineralogical
compositionof the copper slagised in the study is dominated fQyartz-(SiO,) and
augiteCa(Mg, Fe)SpOs compared to coppetagys ugd in various research projects
which containdayalite, magnetite and quart&lp et al.,2008; Arino and Mobasher,
1999.

The glass content dfie copper slagepresented in Table 4idapproximately99.3%,
similar to Ground Granulated Blast FurnadagS(GGBS) glass contebietween 85
and 90%(Saddiqueand Khan2011).

The glassy nature of a slagresponsibledr its cementitious propertiewith alinear
relationto the late compressive strengtlevelopmenbf concreteg(Smolczyk, 1980)
However, slag with completely vitreous glass may lead to strength reduction
(Frigione, 1986).

4.1.2 Chemical Analysis

The X-ray fluorescencehemical analysesesultsof the type 1 Portland cement
procured from PPC (Ltd) and copp&lag ispresented in Table 4.1t can be seen
from Table 4.1 that, the calcium oxide (CaO) contribute to nearly 63%heof
chemical composition of the Portlam@ment whereas copper slag has a very low
lime content of approximately 12%.

This indicates that copper slag is not chemically a very reactive material to be used as
a cementitious material since sufficient quantity of lime must be available in order to
reach the required rate of hydration and to achieve the requireeagarbtrength. On

the other hand, copper slag has high concentrations gfa®DFgO; compared with

Portland cement
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Figure 4.1: Mineralogy composition of copper slag
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Table 4.1 Chemical Composition of Portland Cement and Copper Slag

Components PC% CS% CS%
(Lafarge®)  (Heidelberd’)

SIO, 19.85 38.31 40.03
Al,03 4,78 7.28 7.24
Fe0s 2.38 25.91 24.40
CaO 63.06 12.31 12.53
MgO 2.32 6.41 6.62
K0 0.94 1.08 1.01
NaO 0.22 0.91 0.68
TiO, 0.25 0.61 0.64
Mn,03 0.05 0.14 0.11
P,Os 0.26 0.20 0.19
SrO 0.3 0.02 -

ZnO - 0.36 -

SGs 2.48 0.42 0.48
Loss onlgnition (LOI) 2.83 0.00 2.38
Glass content - - 99.3
SiO, + Al,O3 + FeOs 27.01 715 71.7
(CaO + MgO)/SiQ 3.29 0.49 0.48
(CaO + 1.4 MgO + 0.56 AD3)/SIO, 3.48 0.66 0.65

Laboratory wheresamplewastested;? - Lafarge Chemical Laboratory, Republic of

South Africa ” - Heidelberg Cement Technology Centre GmBH, Germany

4.1.3Pozzolanic Classification

In comparison with the chemical composition of natural pozzalamEcordance to
ASTM C61899, the summation of the three oxides (silica, alumina and iron oxide) in
copper slag is nearly 72%, which exceeds the 70% percentile requirement foFClas
fly ash and pozzolans. Therefoithe copper slagusedis expected to have good
potential to produce high quality pozzolans.

In comparison with ASTM C6189 categorizatiorof fly ash, Class F fly ashes are
low in CaO and are normally produced from burning anthracite or bituminous coal.
This class of fly ash exhibits pozzolamproperty but rarely, if anysel-hardening

property, with a maximum Loss agnition (LOI) of 60%. Copper slag has an LOI
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of 2.38% which falls elow the maximum value of 6.0%s per ASTM C6139,
therefore can be categorized as a Class F fly ash.

4.1.4Hydraulic Activity Index

In the assessment bfydraulic properties of slags per SANS 55167:2011] the slag
chemical compositioshouldconsist of at least twthirds by mass of the sum of the
calcium oxide CaO), magnesium oxide (MgO) arsillicon dioxide (SiQ). The
remainder shall be aluminium oxide (8%), together with sl amounts of other
compoundsThe most popular related formulae used to indicate the hydrauiie val
of a slag according t8ANS 551671:2011is shown in equation 4.helow.

Hydraulic value 3~=200M30 4.1)

SiQ,

The result for copper slag is approximately 0.5yhich is less thanl, the
recommended requirement to be used as constituent for caspet SANS 55167
1:2011

A comprehensive assessment of the hydraubpgrties of slag prescribed Bheron
andLardinois(1968), have defined the hydraulic activity éxdof a slag represented
in equation4.2 The aithorsconcluded thaslag indices betwen 1.65 and 1.85 are
considereadhormal for reactivity

_Ca0d6.5Al,0, 61.4MgO

Hydraulic activity indexd _
SiQ, 8Al,0,

(4.2)

The XRF chemicabxidescomposition result for copper slagdraulic activityindex
is approximatelyD.65 which is significantly less than threquired valudor effective

reactivity.
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4.1.5Results of Total Threshold Leaching Characteristics

The total trace metal constituent of the copper slag amatysedwith Inductively
Coupled Plasma Emission Spectroscopy (KHES) in accordance with EPA methods
200.7 and 200.8 by Heidelberg Cement Technology Centre GmbH.

The value of 23,300 mg/kg for Zinexceeds both thetandard toxic daching
characteristic§ STLC) (2,500 mg/kg) and total theshold leaching characteristics
(TTLC) (5,000 mg/ky) limits.

The valuesfor Chromium; Cobalt;Copper and Lead respectively arel75; 3,200;
2,030; and B10 mg/lg as shownin Table 4.2 column 3. The results shows,
Chromium; Cobalt; Copper; and Lead values betow the TTLC but above the
STLC limits.

Furthertesting such as WET test or TCldhould be done foverification If the
copper slag sample concentrationGsfromium, Cobalt, Copper and Lemdfound to

be equal to or greater than the STIL@it, then tle slag is considered hazardous.
However, if the outcome of the results shows less than STLC, then, copper $thg cou
be classified as nehazardous to # aforementioned tracelements as per EPA

classification.

The values for Antimony, Arsenic, Barium, Beryllium, Cadmium, Mercury,
Molybdenum Nickel, Thallium, Seleniunand Vanadiunshown inTable 4.2column
3, isbelow the both the STLC and TTU{Enits.

Although the values for Chromium, Cobalt, Lead, Antimony, ArserB@rium,
Cadmium, MercuryMolybdenum Nickel, Thallium, Seleniunand Vanadiumdoes
not exceed the TTLC limifshonethelessthe valueof Zinc exceedsOn this basis
alone, the copper slag can belassified as a hazardous waste as R&A

classification
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Table 4.2 TTLC Results of Trace Metals Foundn Copper Slag

Substance Range of STLC values for Trace metals in | Comment Hazardous/Non
which further testing must be | Cu slag (mg/kg) Hazardous
done(mg/kg)
Antimony » 150 3.2 Low Non-Hazardous
Arsenic* » 90 4.42 Low Non-Hazardous
Barium* » 1000 337 Low Non-Hazardous
Beryllium w 1.5 3.39 Low Non-Hazardous
Cadmium* » 10 0.17 Low Non-Hazardous
Chromium* |, 50 175 Exceeds STLC | Hazardous, further testing
Cobalt » 800 3,200 Exceeds STLC | Hazardous, further testing
Copper » 250 2,030 Exceeds STLC | Hazardous, further testing
Lead* » 90 1,310 Exceeds STLC | Hazardous, further testing
Mercury* w2 0.01 Low Non-Hazardous
Molybdenum | , 3,500 28 Low Non-Hazardous
Nickel » 200 2.3 Low Non-Hazardous
Selenium* » 10 4.4 Low Non-Hazardous
Thallium » 70 2 Low Non-Hazardous
Vanadium » 240 134 Low Non-Hazardous
Zinc » 2,500 23,300 Exceeds Hazardous, further testing

* Toxic Characteristics Leaching Pexture (TCLP) metal
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4.2 Results of Physical Propertiesf Granulated Copper Slag
4.2.1 Specific Gravity and Water Absorption

Tests to determine specific gravity and water absorptiomgr@nulatedcopper slag
and sand were carried out in accordance WM C128 Copper slag has a specific
gravity of 3.12 which is higher th&n65 for sand, which may resuttthe production
of concrete with higher density when used as sand substitution.

Moreover the measured water absorption for copper slag was 1.95%, slightly higher
than the 0.1%.55% documented in literature for copper slagShy et al, (2008,
this observation could be attributed to the prolonged exposure to weathering leading

to increased porosity of the slag tailings.

The 1.95% measured water absorptionclmpper slaggompared with 3.64% for sand
suggests that copper slag would demand leggnthan that required by sand in the
concrete mix. Therefore, it is expected that the free water content in concrete matrix
will increase as the copper slag content increases which consequently will lead to
increase irthe workability of the concretethen used as fine aggregate replacement

in concrete production.

Table 4.3 Physical Characteristics of Sand, Copper Slag and Coarse Aggregate

Material
Test Type Sand Copper Sag Stone
Specific gravity 2.65 3.12 -
Fineness mdulus 2.98 3.40 -
Water dsorption (%) 3.64 1.95 -
Moisture content (%) 0.54 0.05 0.11
Bulk density(kg/m) 1550 1640 1650
Uniformity coefficient (G, 5.45 2.88 -
Coefficient of wirvature (G) 0.80 1.02 -

4.2.2 Sieve Analysis

Figure 4.2shows the sieve analysis test resaitmiducted to determé the gradation

of copper slag, fine aggregatesaid and coarse aggregates (stoneheTsand has
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higher fines content than copper slag. Tdeefficients of curvature for sand and
copper slagvere0.8 and 1.02 respectively, indicatitigat, the copper slag is better
graded than the sand. The coefficients of uniformity values for @addopper slag
were5.45 and 3.0espectively;signifying that the copper slag could be classified as
more uniformly graded than theand.Both thesandand copper slagrading was
within the limits as peASTM C 33, and can beenerally classified as satisfactory

for the production of mostoncrete grades

Table 4.4 AggregatesGradation

% Passing % Passing
Sieve Size Sand Copper Slag Sieve size Stone
4.75 96.88 99.90 - -
2.36 81.19 96.56 - -
1.18 63.23 75.63 - -
0.6 38.49 25.09 26.5 100.00
0.3 17.36 8.90 19 79.90
0.15 4.77 4.39 13.2 16.65
0.075 0.85 2.14 9.5 2.49
Aggregates Grading Graph
100 L
80
(@)
% 60
&
40
X
20
0
0.01 0.1 1 10 100
Sieve size (mm)
—¢— Stone —@— Sand Cu Slag
—» «ASTM Upper Limit == «ASTM lower Limit

Figure 4.2 Sieve analysis of sand, copper slag and stone
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4.3 Results of Physical Propertiesf Pulverised Copper Slag
4.3.1 Fineness Results of Copp&lag and Cement

The residuef the pulverisedcopperslag and cement passing through the sieves were
remoed, weighedand expressed as mass percentage of the quantity first piéced

the sieve to the nearest 0.1%. Three sieves of sizes 45 um, 90 um and 212 um were
used. The results of the sieve analysis are presented below in Table 4

Table 4.5 Fineness of Copper g and Cement

Materials Sieve Sizes
45 pm 90 pm 212 pm
Residue %
Copper fag 1.9 0.2 0.1
Cement 8.6 1.0 0.2

The results show thatopper slag is slightly finer #&m Portland cementwhich
subsequently leado an increase in the surface area for pozzolanic reactwity
enhance strength developmedshi(1970) reported thattheaverage size of ylash

lies between -2 pum andheabove resulties between the aforementionethges

4.3.2 Blaine Air Permeability

The average Blainair surfaceareas werel000 nf/kg and 3968m?%kg respectively
for pulverisedcopper slag and cemefithe results obtained abe, represented below
in Table 4.6 indicate thatthe copper tag used for this studis in the range of

finenessas thePortland cement.

Table 4.6 Surface Area and Relative 2nsity of Copper Slag and Cement

Blaine Air Surface Area Specific Gavity Mass

(m*kg) (9)
Copper fag 4000 3.13 3.05
Cement 3968 3.14 3.06

The increasedurface areaf the slag may leatb pronounced strength effecat

early stages offiydration This behaviour is typical of pozzolans and at later curing
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ages other factors, such as influence of pore structure and diffusion controlled
processes, become ngosignificant.In generalthe specific gravity varies witthe

iron contentin the slagfrom a low value of 2.8 to as high as 3.8 (Getaal.,2002)

The results of the specific gty as representeith Table 4.6shows that copper slag

lies within the rangand slightly lssdense tha®ortland cement

4.3.3 Setting Time

Thesetting time resultare showrin Table 47. Figure 4.3alsohighlightsthe delay in
the setting time othe cement pasts the sustitutionlevel of pulverized copper slag
increasesFor all percentage replacementdrtland cement with copper slag, the
range of setting time values conforms to the requiremeperSANS 501971:2000Q

Table 4.7 Summary of the Initial and Final Setting Times Result

Mix D esign Initial Setting Time Final Setting Time
(Replacement) (min) (min)
Control 207 270
2.5% 333 402
5% 355 436
10% 385 480
15 % 412 512

Delay in Setting Time

300

240
—

<
£ 120
= /

60

0

0 5 10 15
~ Copper Slag Content%
—o—Initial setting time Final setting time

Figure 4.3: delay of initial and final setting time for cement paste
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This observation could be due to delayed hydration induced by the heavy ions
contained in the copper slag. This postulation is supported by Hasthaim(2011).
According to the authors, the presence of Cu (Il) ions retards cement hydration. Zain
et al, (2004) were also of thepinions that, the presence of Cu, Pb and Zn

compounds in copper slag increases cerpaste setting times.
4.3.4 Resultof Heat of Hydration Test

4.3.4.1 Effect of Copper Slag on Heat of Hydration

A summary of the heat evolutiopattern against timeusing the conduction
calorimetertechniqueof the specimen ishown inTable 48. When watelis added to
the cement powder, an exothermic reaction occur generatingchda immediate

surroundings.

Table 4.8: Summary of the HeatFlow and Total Heat Dissipated

First Hydration Phase Second Hdration Phase

Time Qmax Time Qmax Total heat
Specimen  (min) (mW/qg) (hr.) (mW/qg) (J/9)
Control 10.0 5.542 15.75 1.175 37.79
2.5% 10.0 5.374 1592 1.207 38.64
5% 10.0 4.968 15.90 1.114 35.62
10% 10.0 5.043 15.0 1.169 35.69
15% 10.0 4.882 15.80 1.124 34.85

The first peak heat rate (Qmax) occaygproximatelyat 10 minutesas shown in
Table 4.8 With the addition of the copper slag, the shape of the cisvslightly
altered and dower peak was observems shown inFigure 4.4 The drop in peak
became more distinct with increasing copper slag content possibly due to the
additionalhydration of the copper slaghis hypothesis is supported by Ballim and

Graham (2008) in a similar rearch onlie hydration characteristics GIGBS.

Figure 4.5 shows an integrated graph of thial heat flow(mW/g) and total heat
(J/g) up to 60 hours of hydrationThe maximum heat evolutiofior all specimens
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occurswithin 15.7015.90 hoursaasshown in Table 4.8and then gradually tails off.
This is similar to the rate of maximum hydration peak between 10 and 20 hours

recorded in literature.

In a mix containing Brtland cemenbnly, most of the strengtgainwill occur about
28 days. Nonetheless, for copper slag concsengthdevelopmentnay occur more

slowly and continue folonger period.

For bothrate of hat evolution anddtal heat dissipation shown ingare 4.5,it was
observed that the 2.5% cement replacement eafiperslagwasslightly higher than
the control specimermwhereas in some cases their values overlapped each other. This
aspect of the results is not conclusive and further investigation is requicetfirm

the outcome.

Howeverfor 5, 10 and 15% rept@ment with copper slag, the rate of heat evolution
and the total heat gain decreased contparehe control. This resultis particularly
useful in the designing of mass concrete structures tmtiol the temperature

differenceof the interor and exterrasurfaceof the concrete.

Moreower, there was observed a delay time to reach thesecond maximum
hydrationpeakas the percentage replacement with the copper slag incrédsesk
results demonstrated a similtiend to the initial and final setting time alues

determined in section 4.3.
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Total Heat Flow and Heat Gained
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Figure 4.5: Total heatflow and total heat produced up to 60 hours of hydration
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4.4 Results of Physical Properties for Copper Slag Concrete
4.4.1 Slump Test Results

Fresh concrete properties are presented in Talfe Ffom the slumpresults
represented belowthe copper slag does affect concrete workability; slumps of all
concretespecimes made increasedjuiet significantly asthe proportion of the

pulverized copper slag increases.

Table 4.9: Slump Properties of Fresh Concrete
Copper slag replacement 0% 2.5% 5% 10% 15%
Slump (mm) 90 100 125 130 160

Since copper slag ery similar to fly ashasa slightly less densenaterial compared
to Portlandcement, the improveemt in workability was expectg@ri Ravindrarajah
and Tam, 1989. This improvement would enable the reduction of water to cement
ratio leading taa possiblencreasan the strength of concrete specimen for the same

mix proportion.

4.4.2 Observedleeding of Concrete

Bleeding is a form of segregation where some of the water in the concrete tends to
rise to the surface of thigeshly placed material. This surface risedige to the
inability of the solid components of the concrete to hold all of the mixing water when
they settle downwards. The bleeding of concrete was noticeabbasing with an

increase in the substitutidevel of copper slag

The excessive bleedingould be attributed to the glassy surface of copper slag
(Ayanoet al.,2000).For all concrete mixes, the bleeding rate was found to decrease

with elapsed time as the cement begins to harden.
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4.5 Characteristic Strength Results of Copper $ag Concrete

4.5.1CompressiveTest Results

The measured compressive strength for concrete specimens up to 15% copper slag
replacement wh Portland cemenby weightfor all three curing methods, namely;
water, solar and ambient air up to 90 days of curing is shown in BalfeThe

values correspond to the mean strength of three replicate samples.

It was observed that, thevgas asignificant decrease in the compressive strength as
the copper slag content increases. The reduction trend wasr $oniddl three curing
methodsnamely water, solar and ambient air up to 90 days of curing.

Moreover, for the water cured samplds tverall compressive strengths for 2.5, 5,
10 and 15% copper slag replaceman®0 days of curing wer@3.8, 89.7, 88.8 and
86.5% respectively of the value for control specimen.

The overall decrease in the ultimate strength for copper slag concrete cortgpare
control samples could be duepoor extent of hydration causeg the low hydraulic
activity index of the copper slagAlternatively, the decrease in the ultimate
compressive sength for copper slag concreteamples could battributed tathe high
glass contenite. 99.3%of the copper slag

As reported in a similar study, slag concrete with high glass content in excess of 95%
significantly reluces in compressive strengtBbefmoulianet al, 1980. Frigione
(1986)acknowledgedhat alow percentage of crystallization betweerb% in mass
of slag is found to be beneficial to the compressive strengtblafament of slag

concrete.

For water cured sampl@s shown irFigure 4.6(a) the computed percentage increase
of the compressive strgth between 28 to 90 days for the control sample were 5.6%
compared to 7.9, 8.6, 9.0 and 9.5% respectively for 2.5, 5, 10 and digércslag

concrete. Thus, the strenggfains in the copper slag concrete beyond 28 days were

90 P age



higher than the control samples and the trend was similar for both solar and ambient

air curing.

The increased in the compressive strength of copper slag concrete beyond 28 days of
curing isattributedto the development in pozzolanic and hydraulic @stief copper

slag. This hypothesis is supported by Arioreno et al, (1999) The athors
concluded that significant increase in the compressive strength of hydrated lime

activated copper slag concrete occurs up to 90 days of curing in water.

4.5.2Effect of Different Curing Methods on ConcreteCompressive Strength
4.5.21 Effect of Temperaturend Humidity onEarly Age Strength of Concrete

The measured compressive strength values for all three different curing methods for

the copper slag concrete witltanstant wateto-cemnent ratio are presented in Figure

4.6(a)-(e).

It is observed from Fig 4(8) i.e. for only the control cube samples, the water cured
samples yielded a lower-day compressive strength of 22.0 MPa, followed by
ambient air, 28.13 MPand solar chamber curing, 28.90 MPa. This trend observed,
was similar for all percentage replacement of coppay 8lith cement as shown in
Figure4.6(a)-(e).

It is believed that an increased in the curing temperature of average values 35°C and
25°C respectively for solar and ambient air environments, compared to water at 20°C
as shown in Figure 4.7, increased the rate and extent of reaction through an increase
in the heat of reaction; consequently increasing the early compressive strength
development of the concrete cubes in both solar and ambient air curing methods

compared to those cured in water.

Spears (1983) explainethat cement hydration does not improvehen cured at
relative humidity below 80%The solar chamber creates an average humidity of

90+£1% compared to ambient air of 22+1% as showRigure 4.8.Henceforth the
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overall strength development of specimen in the solar chamber performed better than
those airs cured

4.5.4.2 Effect of Temperature and Humidity on Late Age Strength of Concrete

There was a significant reduction in the late strength development of all concrete
specimen cured in both ambient air and solar chamber, compared to water cured
spedmen as shown in Fig 4(&)-(e). The late strength development up to 90 days of

curing was high for water cured specimen followed by solar and ambient air.

For the control samples up to 90 days of curing, the percentage increase in the
compressive strggth for water cured specimen, compared to the solar chamber and
ambient air were respectively 8a@nd 12%. This trend was similfor all copper slag
concrete from 2.5 to 15% replacement level. The higher late strength development for
concrete samples cured in water could be attributed to water providing adequate
moisture forimproved quality andurther hydration as compared solar clamber

and ambient air.

In a similarstudyconductedby Liu et al., (2005 on theinfluence of steam curing on

the compressive strengtldevelopment of concrete containing supplementary
cementing materials. The authors concluded that, &ehigemperaturethe rate of
hydration of cement increases quickly leading to an increase in the formation of gel
aroundindividual cement particles. Faster hydration and diffusion rate of hydration
product occurs, however the dissolving rate is slow. Hence, the geldagemes

thick and dense gradually. This cause the penetration of water into the gel layer to be
countered and the hydration thfe remaining urhydrated cement partiddecomes
retarded; causing lesser increment in the ledenpressivetrength

A similar researclttonducted by Soroka (1994howed that at 28 days, compressive
strength of cube specimeasntinuously wet cured were 408tgherthan those cured
in ambient airand attributed the higher compressive strength of the wet cured cube

specimens tahe improed gel/space ratio in concrete.
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Table 4.10. CompressiveStrength Results of Copper Slag Concrete

Copper Slag Replacement (%)
curing 0% 2.5% 5% 10% 15%
Days
Air  Solar Water | Air  Solar Water | Air  Solar Water | Air Solar Water | Air Solar Water
3 28.13 28.90 22.00 | 26.90 27.53 18.80 | 26.23 26.87 17.60 | 24.37 24.70 16.90 | 22.30 22.67 16.50
7 35.57 35.70 32.70 | 34.37 34.77 31.70 | 32.53 32.93 30.30 | 30.73 30.93 28.30 | 28.37 28.59 27.40
14 37.10 38.23 39.50 | 36.03 37.20 37.50 | 34.80 35.23 36.20 | 33.43 33.87 34.50 | 32.50 32.53 33.30
21 40.10 41.70 48.00 | 38.10 40.20 43.50 | 36.87 37.09 4250 | 34.33 35.20 40.40 | 33.03 34.00 38.29
28 42.22 43.12 50.50 | 40.08 41.83 46.20 | 37.60 38.75 44.00 | 35.35 36.25 43.20 | 34.35 35.53 42.30
60 43.48 45.75 52.20 | 41.33 44.03 47.30 | 38.85 41.80 45.50 | 36.68 39.72 44.50 | 35.38 38.25 44.10
90 46.98 48.95 53.50 | 4457 47.04 50.20 | 41.91 45.39 48.00 | 40.08 43.01 47.50 | 38.60 41.15 46.30
Control Samples —_ 2.5% Copper Slag Replacement
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Figure 4.6Effect of curing type on the compressive strength of concrete at
(a) 0% (b) 2.5% (c) 5% (d) 10% and(e) 15% copper slag replacement

94 P age



Variation of Temperature

45 ~
O
o
Q
>
[
(8]
o
5
|_
5 T T T T T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Curing Days
--¢-- Solar Chamber —=— Ambient Air —a— Water
Figure 4.7: Variation of temperature for all curing methods up to 90 days of curing
Variation of Humidity
100 -
80 -
X
2 60 -
i)
E 40-
T
20 -
0 .

o

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Curing Days
-.¢ - Solar Chamber —=— Ambient Air —a— Water

Figure 4.8: Variation of relative humidity for all curing methods up to 90 days of curing
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The solar chamber creates a condition of high temperature in the surrounding
concrete specimen henceforthduring the early stage of the concrete hardening
process results in the formation of larger pores, which consequently increases the
cumulative pore volume in the morete interior microstructureresulting in a

negative effecon the late mechanical strgth formation at later stage.

This hypothesis is supported by a similar study on the effect of curing temperature on
the development of hard structurenoétakaolin based geopolymer (Rovnanik, 2010)

The author demonstratedath higher curing temperatures and longer curing time
increases the early age of the compressive and flexural strengths of concrete as

opposed to thiate mechanical strength

The variation of relative humidity for all curing method up to 90 days is alswrs

in Figure 4.8. The results demonstrated in Figure (4)de) signify that, a higher
relative humidity leads to higher later compressive strength development for water
cured samples followed by solar chamber and ambient air, presumably because
moisturenecessary for hydration process is supplied at a higher relative hymidity
consequently leading to a higher late sgtérfor all concrete specimens.

For compressive strength development of concrete samples in relation to vapour
pressure, the degree of drgtion of cement is dependent on the vapour pressure
within the concrete pore space (Powers, 19Bdwers (1947explained that, the
degree of hydration is negligible at vapour puessbelow 30% of the saturation
pressure and reduces when the vapoussue is below80% of the saturation

pressure.

This postulation explains the importance of saturating concrete specimen by
continuously wetting with water to saturate the pores,ethempromoting cement
hydration. Furthermore, the quality of hydratesdecreases with high curing

temperaturat laterstages such as the case in steam curing.
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4.6 Flexural StrengthTest Results

The flexural strength results are shown in Table 4The. flexural strength generally
shows a decreasirgjrengthprofile as more apper slag is added to replace cement

analogous to the trends of the compressive strength

Table 4.11 Flexural Strength Results of Prisms Up to 90 Days of Water Curing

Percentage Replacement (%)

Curing Days 0 2.5 5 10 15
3 3.36 3.10 2.86 2.65 2.46
7 4.36 4.08 3.78 3.56 3.28
14 4.62 4.37 4.00 3.68 3.60
21 5.05 4.58 4.32 4.08 3.98
28 5.41 4.88 4.64 4.45 4.30
60 5.94 5.66 5.48 5.01 4.92
90 6.25 6.10 5.86 5.59 5.40

Flexural Strength (MPa)
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Figure 4.9 Flexural strength of pulverized copper slag concrete up to 90 days of

water curing
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The declineof the flexural strength as shown kiigure 4.9is similarly attributed to

poor extent of hydration caused the low hydraulic activity indexvalue of copper

slag, similar to the trend of tle®mpressive strengtiihe effectbecame severe as the
percentage of copper slagpntentincreasedresulting in drastic drop of flexural
strengthMoreover, the average computed values for the flexural strength were within
10-17% of the value of the compressive strength.

4.7 Durability Test Results
4.7.1 Resultsfor Oxygen Permeability and Water Sorptivity Test

Table 4.2 below shows the resulsf oxygen permeability indexOPI) andwater
sorptivity below, the results dhewater sorptivitytrends arenoreconsistenthan the
results of theoxygen permeabilityThis is probably due to the fact thalted voids
and other macrdefects hava smallereffect on the rate oivater absorption thaon
air permeability.Detailed experimental results for both oxygen permeghititlex
and water sorptivity tests are showed in the appendix, TabiBeBand Table BY
Bllrespectively

Table 4.12 TestResults ofOxygen Permeability Indexand Water Sorptivity

Durability Indexes
Coefficient of Oxygen Water Sorptivity Test

Mix Design Permeability (mm/s) (mm/hr%9)
Control 10.0 115
2.5% Replacement 10.0 110
5% Replacement 10.1 10.7
10% Replacement 10.1 10.5
15% Replacement 10.2 10.2

From the coefficient of oxygen permeability results shawrFigure 4.10 it was
observed thathe copper slag can be effectively used in concrete to reduce the pore
size of the concrete matridAs shown inFigure 4.1, the saoptivity of the concrete

sampledecrasessignificantly as thepercentage otopper slag conterihcreases
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Coefficient of Permeability Results for Copper Slag Concret
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Figure 4.1Q Coefficient of oxygen permeability test results
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Figure 4.11: Water sorptivity test results
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The reduction of sorptivity in concrete due to the addition of copper slag suggests
improvement inthe durability properties,which could lead to reduced ingress of
chlorides, sulphates, carbaipxide, moisture and other deleterious ions responsible

for concrete deterioration.

For all percentage replacement of cement with copper slag, the concrete samples
generally performed bietr than the control sample; this is probably due to the pore
refining effect of copper slag dPortland cementoncrete because of fiser paricle

size and pozzolanic effecHigher copper slag percentage replacement produced
denser structure and prevents concrete from water penetration. Moreover, the copper
slag reacts with water in the highly alkaline environment of the concrete pore matrix
and then with calcium hydroxide téorm cement hydration product through
pozzolanic reaction which forms ext@ S H gel in the concrete paste and slows
down the strength development at early age.

This conjecture is supported by a similar research by Daube and Bakker (1986) on the
addiion of ground granulated blastiinace slagGGBS) in concrete. Theuthors
indicated thatthe addition of GGBS modifies the products andpbee structure in

hardened amentitious material.

4.7.2Results for Chloride Conductivity Test

Table 4.13below shows the averagesults of chloride conductivitiest performed
on two concrete discs per each percentage replacemeitetailed chloride

conductivity test results are presented inghgendix, Table B1:B16.

Table 4.13 The Results of Chloride Condutivity Test

Mix design Chloride Conductivity (mS/cm)
Control 2.42
2.5% Replacement 2.02
5% Replacement 1.82
10% Replacement 1.49
15% Replacement 1.30
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Chloride Conductivity Results for Copper Slag Concrete

2.5
2.0 1
15 -
1.0 -
0.5 -

Chloride Conductivity
(mS/cm)

0.0 -

0

2.5 5 15

Copper Slag Content %

Figure 4.12: Chloride conductivity test results
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Figure 4.13 Compressive strength reduction results for sulphate attack test
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As observed in Figure 4.12he chloride conductivity of the concrete sample

decreases with percentage increase of copper slag content, which could lead to

reduced ingress of chlorides, aother deleterious ions resporisibfor concrete

deterioration.

The improved chloride resistance may also be the result of refinement of the pore

structure, such as occurs with silica fume concretes, or may be due to increased

chloride binding by alumirta phases contained in the sigexanderet al.,2003)

4.7.3 Results for Sulphatémmersion Test

The results of theompressive strength samples cubes subjectsdiphate attack

are shown inrable4.14. Figure 4.13hows the change in compressive strength for

concrete samples cuten watercompared to those cur@u5% Na,SO, at 232°C.

Table 4.14 Summary of Compressive StrengthTest Results for Sulphate Attack

Compressive Strength(MPa)

Days of CSContent Water Sulphate Change  Reduction
Immersion (%) Immersion Immersion (%)
7 Days Control 42.10 38.80 3.30 7.84

2.5 39.45 36.50 2.95 7.48
5 37.25 35.30 1.95 5.23
10 35.90 34.60 1.30 3.62
15 33.20 32.30 0.90 2.71
28 Days Control 51.60 53.50 -1.90 -3.68
2.5 46.50 48.25 -1.75 -3.76
5 45.15 47.60 -2.45 -5.43
10 40.20 42.30 -2.10 -5.22
15 38.20 40.30 -2.10 -5.50
100 Days Control 58.63 55.60 3.03 5.17
2.5 56.77 54.57 2.20 3.88
5 55.60 53.47 2.13 3.83
10 51.97 50.73 1.24 2.39
15 50.50 49.33 1.17 2.32
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As observed in Figure 4.18r 7 and 100 days of immersion in #8&, the Portland
cement showed little effect in resisting sulphatecittzompared to the copper slag
cubes. The decline in the compressive strength significantly reduced as the content of

copper slagncreases

However, at 28days of immersion, theulphateimmersed concrete showed an
improved compressivstrengthdevelopmentcomparedo thewater curedsamples.
The observation irtheimproved strengtitould beattributedto continuous hydration
and filling up of poresby compounds formed due to theactions betweeulphate
and cement hydratigoroducts

Similar observations weresported byBrown (1981), the strength declineccurring
in earlierageof concrete specimenould be attributed ttheleaching andconversion
of cement hgrates such aSaOH),into gypsum

Najimi et al.,(2011) concluded thathé compressive strength of concrete specimens
curedin sulphate condition>g@erienced a decreasing trend as comparethdee
cured innormd condition. After 21 daysof suspensiorin sulphate solution, the
amount ofcompressive strength decrease w3 8, 10.8, and 14.8%or control, 5,

10 and 15% respectively, whereas afted tays, these values reactadj 21.7, 25.9
and 23.5%.
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Chapter Five
5.0 Conclusions and Recommendations

5.1 Summary

In this study, the effect of using copper slagnmproving the strength and durability
of concrete properties was thoroughly investigated. Pulverised copper slag was added
to cement paste and concrete samples in varying proportions ranging.gp8) 10

and 15% replacing Portland cement compared ttralosamples.

Prior to pulverizing into powder, the granulated copper slag was assessed for its
physical characteristics such ggading,water absorption and relative density as a
comparison to conventional fine aggregates (sand) used in concrete jmduct
Chemical oxides and mineralogical composition of the copper slag were investigated

using Xray fluorescence and-ky diffraction pattern respectively.

Total threshold leaching characteristics of the copper slag was also perfesmgd

the InductiveCoupled Plasm#&tomic Emission Spectroscopy (IEAES) to evaluate

the limit of hazardoudrace metalsFor cement paste, initial and final setting time
was performed using the manual Vicat apparatus and the total heat of hydration

conducted using the isothermal induction calorimeter.

Characteristic strength developmeest performed wereeompressive strgth using

three curing methods namely, water, solar chamber and ambieroaiflexural
strength, concrete beams were only water cured up to 90 days. For concrete durability
assessment, test performed included oxygen permeability, water sorptivitydehlo

conductivity and sodium sulphate attack.

Detailedexperimental resistfor all test performedrepresented in the appendix

104P age



5.2 Conclusion

Based on the experimental outcome, observations and trends determined from the

results of the abovexperimentations, the following conclusions were made:

The results of the Xay diffraction (XRD) pattern signifies quassiO,) and
augiteCa(Mg, Fe)SiOg as the major mineralogical composition of the copper
slag, slightly different for those found in literature, which contains mainly

fayalite, magnetite and quartz.

The glass content of the copper slag was approximately 99.3%, comparable to
Ground Granulated Blast Furnace Slag (GGBS), widlsglcontent between

85 and 90%The high glasy content of the copper slag cobllcreditedto

the reduction of the overall compressive strength of the concrete.

In comparison with the chemical composition as per ASTM 8 8atural
pozzolans, theummation of the three oxideazamely, silicaalumina and iron
oxides in the copper slag was approximately 72%, which exceeds the 70%
percentile requirement for Class pozzolans. Therefore, copper slag is

expected to have good potential to produce high quality pozzolans.

In assessment of the hydrauproperties of slag, The XRF chemical oxides
composition result for copper slag was approxatya0.5 which is less than

1, the recommended requirement to be used as constituent for cement as per
SANS 551671:2011.

The total trace metal constituent thle copper slag analysis was performed
using the Inductive Coupled PlasrAtomic Emission $ectroscopy (ICP
AES) in accordance with EPA methods 200.7 and 200Be results
demonstrated that, copper slag is classified as a hazardousdwasie 42nc
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Vi.

Vii.

viii.

exceedingthe threshold limitin accordance with EPA classification of
hazardous waste. However, the values for Chromium, Cobalt, Copper and

Lead werebelow the total threshold leaching characteristics (TTLC) limit.

In assessment of granulated coppeg sla replacement for fine aggregates in
concrete production, the specific gravity test performed shows that, copper
slag had a specific gravity of 3.12 significantly higher than 2.65 for sand. The
higher specific absorption may results in the productiorcaicrete with
higher density when used as sand substitution. Moreover, the measured water
absorption for copper slag was 1.95%, compared with 3.64% for sand
suggesting that, copper slag would demand less water than required by sand

for the same workabiljt

Sieve analyses were conducted to compare thedsseof granulated copper
slag when used as concrete fine aggregates replacement. The aggregates
grading curveshowsthat, both copper slag and sand met the specification
requirements in accordance t& B82. However, thgranitesand had higher

fines content than the copper sldgurthermore, the coefficients of curvature

for both the sand and granulated copper slag were 0.8 and 1.02 respectively,
signifying copper slag to benore uniformly graded than the sand. The
coefficients of uniformity values for the sand and copper slags were 5.45 and
3.0 respectively; signifying that the copper slag could be classifiedoas
uniformly graded than the sanBoth the sand and the granulated copibey s
grading wereshown to bevithin the limits as per ASTM C33.

The screen residugf the pulverised copper slag and cement passing through
three sieves of sizes 45, 90 and 212 um results shows that, the powdered
copper slag was slightly finer than Ponitacement; which subsequently lead

to an increase in the surface area for pozzolanic reactivity to enhance strength

development.
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Xi.

Xil.

Xiii.

The average Blaine air surface areas were 408Bgmand 3968 rikg
respectively for pulverised copper slag and Portlaschent. The results

confirmed copper slag used watsout the saminenessasPortland cement.

There was observed a delay the setting time of the cement paste as the
substitution level opulverized copper slag increasehis observation could
be due ¢ delayedpozzolanic actiorinduced by the heavy ions contained in

the copper slag.

The first peak of heat flow oacred exactly at 10 minutest 5.54 for the
control sample and 5.37, 4.99, 5.04, 4.88mW(/g respectively for 2.5, 5, 10 and
15% respectivelyThe values signified a drop lydrationpeakas thecopper

slag contenincreases.

For both the rate of heat evolution and total heat dissipation, it was observed
that the 2.5% cement replacement with copper slag was slightly higher than
the control specimen, whereas in some cases their values overlapped each
other. However, for 5, 10 dn15% replacement level with copper slag, the
rate of heat evolution and the total heablveddecreased as compared to the
control cement paste. The decreasethe total amount of heavolution is
particularly useful in the designing of mass concrétectures to control the

temperaturalifferenceof both internal and external surface

The fresh concret properties test results, shawat, copper slag affects
concrete workability; slumps of all concrete specimen increased as the
proportion of thepulverized copper slag increasésis therefore possible to
reduce water to cement ratfor the same mix proportion to subsequent

strengthincrease
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Xiv.

XV.

XVi.

XVii.

For compressive strength results, there was observed a significant decrease as
the copper slag contemicreases. The reduction trend was similar for all the
three curing methods, namely, water, solar and ambient air up to 90 days of
curing. The overall decrease in the ultimate strength for copper slag concrete
compared to control samples could be due ¢oldhv hydraulic activity index

of the copper slag

For the water cured samples, the compressive streedtittion was more
pronounced at earlguring ages. The early strength reduction of the copper
slag concrete could be due to the slower rate of hgaratvhich is a typical
characteristioof metallurgical slag influencen concrete. However, beyond
28 to 90 days, theate of strengthgain of copper slag concrete wésgher
than fa control samples. The increase the compressive strength of the
copper slag concrete beyond 28 days of curing was attributed tatthe

pozzolanic and hydraulic activities.

The measured compressive strength values all three different curing methods
both for copper slag concrete tvia constant watdo-cement ratio were
presented. The water curing samples yielded a lowday3compressive
strength followed by ambient air, and solar chamber curing. The trend
observed was similar for all percentage replacement of copper slag. It is
bdieved an increase in the curing temperature of average values 35°C and
25°C respectively for solar and ambient air curing environment compared to
water at 20°C increased the rate and extent of reaction through an increase in
the heat of reaction; conseauly increasing the early compressive strength
development of the concrete cubes in both solar and ambient air curing

methods compared to those cured in water.

For compressive strength development beyond 28 up tta96, there was a
significant reduction in the late compressive strength development of all

concrete cube specimes cured in both ambient air and solar chamber,
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XViii.

XiX.

XX.

compared to water cured speciraenhe late strength development was high
for water cured spemiers followed by solar and ambient aifhe higher late
strength development for concrete samples cured in water was attributed to
water providing adequate moisture for further hydration as compared to solar
chamber and ambient air.

Nonethelessat highertemperatures the rate of hydration of cement increases
quickly leading to an increase in the formation of gel aroumdividual
cement particles. Faster hydration and diffusion rate of hydration product
occurs, however the dissolving rate is sléw.aresult,the gel layer becomes
thick and dense gradualtausingthe penetration of water into the gel layer to

be counteredThe hydration of the remaining thydrated cement particles

becomes retarded; causing lesser increment in the later compressigehstr

The flexural strength of the concrete sample generally showed a decreasing
profile as more copper slag was added to replace cement up to 90 days of
water curing, with a similar trend to the compressive strength profile.
Moreover, the average commed values for the flexural strength were within
10-17% of the value of the compressive strength

The chloride conductivity and water sorptivity of the concrete sample
decreases as the percentage of copper slag content increases. The reduction of
the wder sorptivity and chloride conductivity suggests an improvement in the
durability performance of the slag samples compared to control, which could
lead to reduce ingress of chlorides, sulphates, cadlmade, moisture and

other deleterious ions respobie for concrete deterioration.

The results of the coefficient of oxygen permeability trends were irregular
compared to those of chloride conductivity and water sorptivity. The observed
trend could probably be due to the fact that bleed voids and otaerc

defects have a smaller effect on the rate of waterrptigso than on air
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permeability However, the oxygen permeability resultdicate that, the
copper slag could be effectively used in concrete to reduce the pore size of the

concrete matrix.

xxi.  For7 and 100days of immersion in 5% N8Oy, the Portland cement showed
little effect in resisting sulphate attack compared to copper slag cubes. The
decline in the compressive strength significantly reduced as thientoof
copper slag increased. Howevext, 28 days of immersion, the sulphate
immersed concrete showed an improved compressive strength development,

compared to the water cured samples.

This report is based on th&tudy of the performances of concrete with partial
replacement of Portland cemewith pulverisedcopper slagup to 15%. For all
percentageeplacement otement withcopper slagesulted in adrop in both the
compressiveand flexural strength. However, the concrete disc samples generally
performed better in all the three durabiligsts, namely oxygen permeability, water
sorptivity and chloride conductivityAdditionally, for immersion in 0.325M N5 Oy,

the decline in the compressive strength significantly reduced as the content of copper

slag increased.

A clear observiton from this studyis that, plverised copper slag can be used
reliably up to 15% to replace ordinary Portland cement to improve concrete durability

properties.
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5.3Recommendations

While much information regarding the compressive strength perfoenancthree
different curing methods usel@aching characteristics, rate of heat evolution, initial

and final setting timesf copper slag concreteere also exglred.

Nonetheless, a number abncernscould not be addressed due to limited time

constraints. The following recommendations are therefore suggestiiture work:

08 The possibility of using granulated copper stéegfine and coarse aggregates
replacement in concretshould beexploral for conpressive and flexural
strength development.

08 Further investigation is neededn the potential use forcorrosion of
reinforcementin concrete, since theopper slag has potential to resist
corrosion.

08 Carbonationtess should be performed to further assess it durability
properties.

08 There is need to study the behaviour of copper slag additive in the presence of
other pozzolans such as fly ash and ground granulated blast furnace slag
(GGBS)

08 Long term curing period beyoridyear should be thorough$yudiedto assess
later characteristics strength development

08 In addition to the cemeratikali metals the coppeslagalso consists of minor
compounds such as,® and NaO; which can react withsome concrete
aggregates causingkali silica reaction.The @pper slag concretshould

therefore be testddr alkali silica reactiorfor durability performances.
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Appendix

Appendix A: Detailed Strength Results

Table Al: Compressive Strength Results

3 DAYS CURING

CONTROL (510-2012)

2.5% CU SLAG (0811-12)

5% Cu (0911-2012)

10% CU SLAG(1611-12)

15% CU SLAG(1111-12)

WEIGHT(g) | FORCE(KN) | WEIGHT(g) FORCE(KN) | WEIGHT(g) | FORCE(KN) | WEIGHT(g) | FORCE(KN) | WEIGHTg) | FORCE(KN)
2404.73 231 2350.16 190 2409.67 179 2392.1 161 2465.35 171
2465.4 211 2426.34 194 2385.15 180 2334.24 166 2430.68 171
2481.72 219 2378.05 180 2375.74 170 2427.03 167 2439.4 167
2450.62 220.33 2384.85 188.00 2390.19 176.33 2384.46 164.67 2445.14 169.67
7 DAYS CURING
CONTROL(0910-2012) | 2.5% CU SLAG(1211-12) 5% Cu (1311-2012) 10% CU SLAG(1411-12) | 15% CU SLAG(1511-12)
WEIGHT(g) | FORCE(KN) | WEIGHT(qg) FORCE(N) | WEIGHT(g) | FORCE(KN) | WEIGHT(g) | FORCE(KN) | WEIGHTg) | FORCE(KN)
2324.68 | 328 2360.36 265 2429.8 301 2426.94 | 230 2396.77 240
2501.76 | 319 2439.4 273 2312.33 | 314 2362.52 | 251 2441.7 235
2432.02 | 333 2415.52 261 2397.77 | 294 2373.26 | 249 2323.2 227
2419.49 | 326.67 2405.09 266.33 2379.97 | 303.00 2387.57 | 243.33 2387.22 234.00
14 DAYS CURING
CONTROL(1610-2012) | 2.5% CU SLAG(1911-12) 5% Cu (2011-2012) 10% CU SLAG(2111-12) | 15% CU SLAG (2211-12)
WEIGHT(g) | FORCE(KN) | WEIGHT(g) FORCE(KN) | WEIGHT(g) | FORCE(KN) | WEIGHT(g) | FORCE(KN) | WEIGHTg) | FORCE(KN)
2390.89 | 388 2396.09 336 2425.25 | 370 247495 | 324 2362.15 306
2370.76 | 374 2437.12 330 2399.62 | 362 2428.73 | 336 2364.14 312

12%5P age




2386.85 | 364 2425.22 327 2436.61 | 383 2415.6 376 2402.09 321
2382.83 | 375.33 2419.48 331.00 2420.49 | 371.67 2439.76 | 345.33 2376.13 313.00
21 DAYS CURING
CONTROL(2310-2012) | 2.5% CU SLAG (2611-12) | 5% Cu (2711-2012) 10% CU SLAG (2811-12) | 15% CU SLAG (2911-12)
WEIGHT(g) | FORCE(KN) | WEIGHT(g) FORCE(KN) | WEIGHT(g) | FORCE(KN) | WEIGHT(g) | FORCE(KN) | WEIGHTg) | FORCE(KN)
2461.33 | 475 2366.65 396 2437.56 | 434 2414.17 | 404 2535.01 357
2464.05 | 485 2435.47 388 2418.54 | 421 2415.21 | 403 2454.68 360
2357.06 | 480 2394.67 382 2514.81 | 449 2432.01 | 405 2449.25 369
2427.48 | 480.00 2398.93 388.67 2456.97 | 434.67 2420.46 | 404.00 2479.65 362.00
28 DAYS CURING
CONTROL(30610-2012) | 0.25% CU SLAG (0312-12) | 5% Cu (0412-2012) 10% CU SLAG (0512-12) | 15% CU SLAG (0612-12)
WEIGHT(g) | FORCE(KN) | WEIGHT(g) | FORCE(KN) | WEIGHT(g) | FORCE(KN) | WEIGHTg) | FORCE(KN) | WEIGHT(g) | FORCE(KN)
2418.2 515 2426.3 395 2433.82 | 438 2362.77 | 426 2360.48 412
2502.29 | 493 2430.56 393 2542.44 | 439 2506.36 | 430 2462.94 420
2439.64 | 508 2352.9 394 2337.09 | 443 2417.54 | 439 2452.07 436
2453.38 | 505.33 2403.25 394.00 2437.78 | 440.00 2428.89 | 431.67 2425.16 422.67

60 DAYS CURING

CONTROL (0412-2012)

2.5% CU SLAG(0401-12)

5% Cu (0501-2013)

10% CU SLAG (0601-13)

15% CU SLAG (0701-13)

WEIGH(g)T | FORCE(KN) | WEIGHT(g) FORCE(KN) | WEIGHT(g) | FORCE(KN) | WEIGHT(g) | FORCE(KN) | WEIGHT(g) | FORCE(KN)
2496.05 | 520 2476.2 425 2435.7 450 2365.9 440 2360.48 444
2329.05 | 520 2399 430 2372.1 455 2469.1 445 2462.94 442
2470.45 | 528 2489.1 422 2323.7 460 2476.4 450 2452.07 438
2431.85 522.67 2454.77 425.67 2377.17 | 455.00 2437.13 | 445.00 2425.16 441.33
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90 DAYS CURING

CONTROL (3112-2012) | 2.5% CUSLAG(0402-13) | 5% CU (0502-2013) 10% CU SLAG (0802-13) | 15% CU SLAG (0702-13)
WEIGHT(g) | FORCE(KN) | WEIGHT(g) | FORCE(kN) | WEIGHT(g) | FORCE(KN) | WEIGHT(g) | FORCE(KN) | WEIGHT(g) | FORCE(KN)
2358.3 528 2440.9 460 2341 480 2365.9 490 2445.2 442
2404.3 538 2335.4 490 2441.3 480 2469.1 480 2464.1 476
2385.5 538 2395.1 470 2424.5 475 2476.4 456 2489.7 472
2382.70 | 534.67 2390.47 473.33 2402.27 | 478.33 2437.13 | 475.33 2466.33 463.33

Table A2: Flexural TestResults

3 DAYS CURING

CONTROL (1601-2013)

2.5% CU SLAG(06-12-12)

5% Cu (0912-2012)

10% CU SLAG(1612-12)

15% CU SLAG(1112-12)

WEIGHT | FORCE | WEIGHT FORCE | WEIGHT | FORCE | WEIGHT FORCE WEIGHT FORCE
(kg) (KN) (kg) (KN) (kg) (KN) (kg) (KN) (kg) (KN)
9.5 11.4 8.24 10.2 9.2 9.6 9436.1 8.5 8751.4 8.2
9.4 11 8.36 10.4 8.32 9.4 8760.2 8.8 9292.9 8.2
8.5 11.2 8.34 10.4 8.64 9.6 8426.1 9.2 8473.6 8.2
9.13 11.20 8.31 10.33 8.72 9.53 8874.13 8.83 8839.30 8.20

7 DAYS CURING
CONTROL(2101-2013) | 2.5% CU SLAG(1312-12) | 5% Cu (1612-2012) 10% CU SLAG(1712-12) 15% CUSLAG(1812-12)
WEIGHT | FORCE | WEIGHT FORCE | WEIGHT | FORCE | WEIGHT FORCE WEIGHT FORCE
(kg) (KN) (kg) (KN) (kg) (KN) (kg) (KN) (kg) (KN)
8.02 14.7 8.27 13.8 8.43 12.4 8.45 12 8.53 11
8.68 14.3 8.39 13.4 8.46 12.8 83.49 11.8 8.45 11
8.7 14.6 8.45 13.6 12.6 8.98 11.8 9.04 10.8
8.47 14.53 8.37 13.60 8.45 12.60 33.64 11.87 8.67 10.93
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14 DAYS CURING

CONTROL(2801-2013) | 2.5% CU SLAG(2012-12) | 5% Cu (2311-2012) 10% CU SLAG(2412-12) 15% CU SLAG (2512-12)
WEIGHT |FORCE |WEIGHT |FORCE | WEIGHT | WEIGHT | WEIGHT FORCE | WEIGHT | WEIGHT
(kg) (KN) (kg) (KN) (kg) (kg) (kg) (KN) (kg) (kg)
8.7 15.4 9.2 14.6 8.9 13.2 9 12.4 8.8 12
9.16 15.6 8.88 14.4 9.4 13.4 9.6 12.2 9 11.8
9.52 15.2 9.04 14.7 9.04 13.4 8.98 12.2 9.4 12.2
9.13 15.40 9.04 14.57 9.11 13.33 9.19 12.27 9.40 12.00

21 DAYS CURING
CONTROL(0402-2013) | 2.5% CU SLAG(2712-12) | 5% Cu (2611-2012) 10% CU SLAG(2111-12) 15% CU SLAG (2211-12)
WEIGHT |FORCE |WEIGHT |FORCE | WEIGHT | FORCE | WEIGHT FORCE | WEIGHT | FORCE
(kg) (KN) (kg) (KN) (kg) (KN) (kg) (KN) (kg) (KN)
8.46 16.7 8.56 15.2 8.23 14.4 8.66 13.6 8.88 13.2
8.32 16.8 8.02 15.2 8.32 14.2 8.92 13.8 8.9 13.6
8.62 17 8.67 15.4 8.74 14.6 8.2 13.4 8.82 13
8.47 16.83 8.42 15.27 8.43 14.40 8.59 13.60 8.87 13.27

28 DAYS CURING
CONTROL(1302-2012) | 2.5% CU SLAG(0301-13) | 5% Cu (0601-2013) 10% CU SLAG(0701-13) 15% CU SLAG (0801-2013)
WEIGH FORCE |WEIGHT |[FORCE | WEIGHT [ FORCE | WEIGHT FORCE | WEIGHT | FORCE
T(9) (KN) (kg) (KN) (kg) (KN) (kg) (KN) (kg) (KN)
8.46 18.2 8.46 16.4 8.46 15.6 8.46 14.8 8.46 14.2
8.32 17.9 8.32 16.2 8.32 15.4 8.32 14.9 8.32 14.4
8.62 18 8.62 16.2 8.62 15.4 8.62 14.8 8.62 14.4
8.47 18.03 8.47 16.27 8.47 15.47 8.47 14.83 8.47 14.33

60 DAYS CURING
CONTROL(1503-2013) | 2.5% CU SLAG(0302-13) | 5% Cu (0602-2013) 10% CU SLAG(0702-2013) | 15% CU SLAG(08-02-2013)
WEIGHT |FORCE |WEIGHT |FORCE | WEIGHT | FORCE | WEIGHT FORCE | WEIGHT | FORCE
(kg) (KN) (kg) (KN) (kg) (KN) (kg) (KN) (kg) (KN)
8.68 19.8 9.26 18.8 8.46 18.2 9.54 16.4 8.78 16.2
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8.36 19.9 8.36 18.8 9 18.6 8.58 16.8 9.28 16.4

9 19.7 8.8 19 18 9.32 16.9 8.76 16.6

8.68 19.80 8.81 18.87 8.73 18.27 9.15 16.70 8.94 16.40
90 DAYS CURING

CONTROL(1604-2013) | 2.5% CU SLAG(0503-13) | 5% Cu (0803-2013) 10% CU SLAG(0903-13) 15% CU SLAG (1€03-2013)

WEIGHT |FORCE |WEIGHT |[FORCE | WEIGHT [ FORCE | WEIGHT FORCE |WEIGHT | FORCE

(kg) (KN) (kg) (KN) (kg) (KN) (kg) (KN) (kg) (KN)

8.54 20.9 9.34 20.4 8.46 19.6 8.72 18.5 8.46 18.2

8.44 21.6 8.5 20.4 8.4 19.2 8.72 18.6 8.4 17.8

8.27 20 8.46 20.2 8.36 19.8 8.48 18.8 8.62 18

8.42 20.83 8.77 20.33 8.41 19.53 8.64 18.63 8.49 18.00
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Table B1: Sample of theCored Concrete Disc Dimensions

Appendix B: Detailed Durability Results

Sample 1 Sample 2 Sample 3 Sample 4
Mean diameter (mm) | 68.06 | Mean diameter (mm) | 68.37 | Mean diameter (mm) | 68.15 | Mean diameter (mm) | 68.19
Diameter 1 (mm) 67.33 | Diameter 1 (mm) 68.68 | Diameter 1 (mm) 67.99 | Diameter 1 (mm) 68.27
Diameter2 (mm) 68.33 | Diameter 2 (mm) 68.28 | Diameter 2 (mm) 68.28 | Diameter 2 (mm) 67.94
Diameter 3 (mm) 68.28 | Diameter 3 (mm) 68.38 | Diameter 3 (mm) 68.17 | Diameter 3 (mm) 68.21
Diameter 4 (mm) 68.30 | Diameter 4 (mm) 68.15 | Diameter 4 (mm) 68.15 | Diameter 4 (mm) 68.32
Mean thickness (mm)| 33.56 | Mean thickness (mm) | 31.94 | Mean thickness (mm) | 31.37 | Mean thickness (mm)| 30.20
Thickness 1 (mm) 33.27 | Thickness 1 (mm) 31.73 | Thickness 1 (mm) 31.00 | Thickness 1 (mm) 29.99
Thickness 2 (mm) 33.63 | Thickness 2 (mm) 32.11 | Thickness 2 (mm) 31.45 | Thickness 2 (mm) 30.26
Thickness 3 (mm) 33.60 | Thickness 3 (mm) 32.20 | Thickness 3 (mm) 31.00 | Thickness 3 (mm) 30.33
Thickness 4 (mm) 33.72 | Thickness 4 (mm) 31.70 | Thickness 4 (mm) 32.04 | Thickness 4 (mm) 30.23
Sampleb Sample 6 Sample 7 Sample 8
Mean diameter (mm) | 68.22| Mean diameter (mm)| 68.13 | Mean diameter (mm)| 68.12 | Mean diameter (mm) | 68.17
Diameter 1 (mm) 67.79| Diameter 1 (mm) 67.44 | Diameter 1 (mm) 68.20 | Diameter 1 (mm) 68.10
Diameter 2 (mm) 68.45| Diameter 2 (mm) 68.27 | Diameter 2 (mm) 68.01 | Diameter 2 (mm) 68.29
Diameter 3 (mm) 68.29 | Diameter 3 (mm) 68.37 | Diameter 3 (mm) 68.10 | Diameter 3 (mm) 68.02
Diameter 4 (mm) 68.34 | Diameter 4 (mm) 68.44 | Diameter 4 (mm) 68.15 | Diameter 4 (mm) 68.28
Mean thickness (mm)| 29.23| Mean thickness (mm] 33.95 | Mean thickness (mm] 29.58 | Mean thickness (mm) | 31.55
Thickness 1 (mm) 28.97 | Thicknessl (mm) 33.92 | Thickness 1 (mm) 29.95 | Thickness 1 (mm) 31.34
Thickness 2 (mm) 28.71| Thickness 2 (mm) 33.91 | Thickness 2 (mm) 29.41 | Thickness 2 (mm) 31.33
Thickness 3 (mm) 29.60( Thickness 3 (mm) 33.88 | Thickness 3 (mm) 29.46 | Thickness 3 (mm) 31.75
Thickness 4 (mm) 29.64| Thickness 4 (mm) 34.09 | Thickness 4 (mm) 29.51 | Thickness 4 (mm) 31.77
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Table B2: Oxygen Permeability Index Results for Control

Oxygen Permeability Index (OPI)

Sample ID: Control ] Operator: Daniel
Date: 10/12/2013
Average k 1.1E10 COV: 24.5%
(m/s):
OPI: 10.0

33A 33B 36A 36B
Diameter 68.12 Diameter 68.19 Diameter 68.22 Diameter 68.19
(mm) (mm) (mm) (mm)
Thickness 29.58 Thickness 33.37 Thickness 29.23 Thickness 30.20
(mm) (mm) (mm) (mm)
k (m/s) 1.21486E10 | k (m/s) 1.3856E10 | k (m/s) 1.139E10 | k (m/s) 7.386E11
re 0.9995 r° 0.9996 re 1.0000 |r° 0.9999
Time Pressure Time Pressure | Time Pressure | Time Pressure
(hh.min) (kPa) (hh.min) (kPa) (hh.min) (kPa) (hh.min) (kPa)
12.48 104.67 12.48 103.69 15.31 100.07 15.31 95.07
13.03 102.50 13.03 101.54 15.46 98.06 15.46 93.84
13.18 100.18 13.18 99.18 16.01 96.04 16.01 92.65
13.33 98.01 13.33 97.09 16.16 94.06 16.16 91.46
13.48 95.95 13.48 94.91 16.31 92.17 16.31 90.32
14.03 93.88 14.03 92.89 16.46 90.29 16.46 89.11
14.18 91.94 14.18 90.99 17.01 88.48 17.01 88.00
14.33 90.06 14.33 89.03 17.16 86.68 17.16 86.90
14.48 88.19 14.48 87.13 17.31 84.96 17.31 85.80
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Sample 1 Sample 2
8000 8000
7000 - 7000 -
6000 - 6000 -
__ 5000 - 5000 -
< 4000 “ 4000 -
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E 3000 1 £ 3000 -
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1000 - 1000 -
0 . . . 0 ‘ . ‘
0.00 005 010 015 0.20 0.000 0.050 0.100 0.150 0.200
In(Po/P) In(Po/P)
Sample 3 Sample 4
8000 8000
7000 - 7000 -
6000 - 6000 -
5000 - 5000 -
“ 4000 - & 4000 -
£ 3000 - 2 3000 |
= 2000 - = 2000 -
1000 - 1000 -
0 T T T O T T
0.000 0.050 0.100 0.150 0.200 0.000 0.050 0.100 0.150
In(Po/P) In(Po/P)
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Table B3: Oxygen Permeability Index Results for 2.5% Replacement

Sample ID: 2.5% Replacement Operator: Daniel
Date: 10/12/2013
Average k 1.1E10 COV: 15.6%
(m/s):
OPI: 10.0

33A 33B 36A 36B
Diameter (mm)| 68.25 Diameter 68.27 Diameter 68.32 Diameter 68.48

(mm) (mm) (mm)

Thickness 30.23 Thickness 27.39 Thickness 25.05 Thickness 34.53
(mm) (mm) (mm) (mm)
k (m/s) 1.00126E10 | k (m/s) 8.9244E11 | k (m/s) 1.281E10 | k (m/s) 1.136E10
r’ 0.9998 r’ 0.9999 r° 0.9992 |[r* 0.9998
Time Pressure | Time Pressure | Time Pressure | Time Pressure
(hh.min) (kPa) (hh.min) (kPa) (hh.min) (kPa) (hh.min) (kPa)
12.48 101.86 12.48 102.81 15.31 103.06 15.31 101.86
13.03 100.08 13.03 101.07 15.46 100.21 15.46 100.08
13.18 98.34 13.18 99.31 16.01 97.51 16.01 98.34
13.33 96.62 13.33 97.69 16.16 94.87 16.16 96.62
13.48 94.95 13.48 95.93 16.31 92.36 16.31 94.95
14.03 93.30 14.03 94.34 16.46 89.97 16.46 93.30
14.18 91.74 14.18 92.74 17.01 87.60 17.01 91.74
14.33 90.16 14.33 91.11 17.16 85.40 17.16 90.16
14.48 88.63 14.48 89.66 17.31 83.20 17.31 88.63
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Sample 1 Sample 2
8000 8000
7000 - 7000 -
6000 - 6000 -
5000 | 5000 -
¥ 4000 - & 4000 -
£ 3000 - 2 3000 |
= 2000 | F 2000 -
1000 - 1000
O T T O T T
0.00 0.05 0.10 0.15 0.000 0.050 0.100 0.150
In(Po/P) In(Po/P)
Sample 3 Sample 4
8000 8000
7000 - 7000 -
6000 - 6000 -
5000 - 5000 -
@ 4000 - Z 4000 -
£ 3000 - £ 3000 |
2000 - = 2000 -
1000 - 1000
0 T T O T T
0.000 0.100 0.200 0.300 0.000 0.050 0.100 0.150
In(Po/P) In(Po/P)
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Table B4: Oxygen Permeability Index Results for 5% Replacement

Sample ID: 5% Replacement Operator: Daniel
Date: 11/12/2013
Average k 7.6E11 COV: 37.7%
(m/s):
OPI: 10.1

33A 33B 36A 36B
Diameter 68.32 Diameter (mm)| 68.59 Diameter 68.52 Diameter 67.52
(mm) (mm) (mm)
Thickness 30.27 Thickness 30.78 Thickness 27.05 Thickness 30.23
(mm) (mm) (mm) (mm)
k (m/s) 4.4162E11 | k (m/s) 6.0314E11 | k (m/s) 1.067E10 | k (m/s) 9.136E11
r’ 0.9983 r’ 0.9996 r’ 0.9995 | r? 0.9991
Time Pressure | Time Pressure | Time Pressure | Time Pressure
(hh.min) (kPa) (hh.min) (kPa) (hh.min) (kPa) (hh.min) (kPa)
12.48 100.69 12.48 105.63 15.31 105.37 15.31 101.15
13.03 100.05 13.03 104.50 15.46 103.11 15.46 99.47
13.18 99.26 13.18 103.39 16.01 100.91 16.01 97.97
13.33 98.42 13.33 102.33 16.16 98.87 16.16 96.57
13.48 97.65 13.48 101.24 16.31 96.79 16.31 94.92
14.03 96.91 14.03 100.28 16.46 94.87 16.46 93.52
14.18 96.15 14.18 99.25 17.01 92.94 17.01 92.02
14.33 95.41 14.33 98.22 17.16 91.02 17.16 90.77
14.48 94.60 14.48 97.18 17.31 89.19 17.31 89.40
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Table B5: Oxygen Permeability Index Results for 10% Replacement

Sample ID: 10% Replacement Operator: Daniel
Date: 12/12/2013
Average k 8.1E11 COV: 40.8%
(m/s):
OPI: 10.1

33A 33B 36A 36B
Diameter 68.51 Diameter 68.25 Diameter 67.52 Diameter 67.52
(mm) (mm) (mm) (mm)
Thickness 29.82 Thickness | 31.71 Thickness 30.51 Thickness 30.23
(mm) (mm) (mm) (mm)
k (m/s) 5.10365E11 k (m/s) 8.0931E11 | k (m/s) 1.269E10 | k (m/s) 6.472E11
re 0.9982 r° 0.9992 re 0.9999 |r° 0.9996
Time Pressure Time Pressure | Time Pressure | Time Pressure
(hh.min) (kPa) (hh.min) (kPa) (hh.min) (kPa) (hh.min) (kPa)
12.48 97.91 12.48 101.65 15.31 105.13 15.31 102.21
13.03 96.92 13.03 100.17 15.46 102.89 15.46 101.07
13.18 96.04 13.18 98.86 16.01 100.64 16.01 99.97
13.33 95.24 13.33 97.56 16.16 98.55 16.16 98.79
13.48 94.33 13.48 96.27 16.31 96.45 16.31 97.80
14.03 93.56 14.03 95.02 16.46 94.41 16.46 96.68
14.18 92.72 14.18 93.75 17.01 92.49 17.01 95.64
14.33 91.93 14.33 92.58 17.16 90.53 17.16 94.64
14.48 91.10 14.48 91.33 17.31 88.54 17.31 93.60
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8000 Sample 1 8000 Sample 2
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6000 | 6000 |
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8000 8000
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0 : ‘ : 0 :
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Table B6: Oxygen Permeability Index Results for 15% Replacement

Sample ID: 15 % Replacement Operator: Daniel
Date: 13/12/2013
Average k 6.4E11 COV: 13.1%
(m/s):
OPI: 10.2

33A 33B 36A 36B
Diameter 68.17 Diameter 68.25 Diameter 67.52 Diameter 67.52
(mm) (mm) (mm) (mm)
Thickness 30.61 Thickness 31.71 Thickness 30.51 Thickness 30.23
(mm) (mm) (mm) (mm)
k (m/s) 6.24995E11 | k (m/s) 6.319E11 | k (m/s) 5.47E11 | k (m/s) 7.504E11
re 0.9976 re 0.9998 | r? 0.9995 |r° 0.9991
Time Pressure Time Pressure | Time Pressure | Time Pressure
(hh.min) (kPa) (hh.min) (kPa) (hh.min) (kPa) (hh.min) (kPa)
12.48 104.21 12.48 108.13 15.31 102.99 15.31 101.04
13.03 103.01 13.03 107.09 15.46 102.18 15.46 99.67
13.18 101.85 13.18 105.90 16.01 101.12 16.01 98.38
13.33 100.78 13.33 104.80 16.16 100.18 16.16 97.15
13.48 99.81 13.48 103.65 16.31 99.24 16.31 95.96
14.03 98.75 14.03 102.58 16.46 98.30 16.46 94.75
14.18 97.80 14.18 101.50 17.01 97.40 17.01 93.57
14.33 96.86 14.33 100.48 17.16 96.56 17.16 92.44
14.48 95.52 14.48 99.42 17.31 95.65 17.31 91.26
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Sample 1 Sample 2
8000

7000 -
6000 -
5000 -
4000 -
3000 -
2000 -
1000 -

Time (s)

0.00 0.05 0.10 0.000 0.050 0.100
In(Po/P) In(Po/P)

Sample 3 Sample 4

8000
7000 -
6000 -
5000 -
4000 -
3000 -
2000 -
1000 -

Time (S)

0.000 0.020 0.040 0.060 0.080 0.000 0.050 0.100 0.150
In(Po/P) In(Po/P)
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Water Sorptivity Test

Table B7: Water Sorptivity Test for Control

Sample ID: Control
Date: 09/10/2013
Av. Sorptivity: 115 Cov: 7.6
Av. Porosity: 13.9 Cov: 4.7

1A 1B 2A 2B
Diameter (mm) 68.06 68.37 68.19 68.19
Thickness (mm) 33.56 31.94 31.37 30.20
Time (min) Mass (Q) Mass () Mass (Q) Mass (Q)
0 263.44 238.95 227.47 279.91
3 265.16 240.70 228.92 281.53
5 265.58 241.13 229.27 281.89
7 265.93 241.46 229.54 282.16
9 266.22 241.75 229.78 28241
12 266.60 242.14 230.11 282.73
16 267.03 242.58 230.46 283.10
20 267.42 242.95 230.77 283.42
25 267.84 243.39 231.10 283.79
Saturated Mass (Q) 281.48 255.19 242.92 294.58
R? (Must be >0.98) 0.9999 0.9999 0.9999 0.9999
Range 3-25 min 3-25 min 3-25 min 3-25 min
Sorptivity (mm/hP-) 11.8 12.5 10.5 11.0
Porosity (%) 14.8 13.8 13.5 13.3
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Table B8: Water Sorptivity Test for 2.5% Replacement

Sample ID: 2.5% Replacement
Date: 09/10/2013
Av. Sorptivity: 11.0 Cov: 6.9
Av. Porosity: 12.0 Cov: 9.0

1A 1B 2A 2B
Diameter (mm) 68.25 68.22 68.27 68.32
Thickness (mm) 31.55 30.64 27.39 25.05
Time (min) Mass (g) Mass (g) Mass (g) Mass (g)
0 250.17 250.57 222.71 203.57
3 251.85 252.01 224.28 205.06
5 252.28 252.33 224.61 205.33
7 252.63 252.59 224.88 205.62
9 252.90 252.77 225.08 205.81
12 253.23 253.03 225.35 206.10
16 253.66 253.34 225.66 206.42
20 253.97 253.58 225.94 206.67
25 254.35 253.84 226.23 206.97
Saturated Mass (g) | 265.64 262.72 235.01 214.26
R?(Must be >0.98) | 0.9985 0.9985 0.9984 0.9984
Range 3-25 min 3-25 min 3-25 min 3-25 min
Sorptivity (mm/hP) | 12.0 10.9 10.2 10.7
Porosity (%) 13.4 10.8 12.3 11.6
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Table B9: Water Sorptivity Test for 5% Replacement

Sample ID: 5% Replacement
Date: 09/10/2013
Av. Sorptivity: 10.7 Cov: 8.3
Av. Porosity: 12.3 Cov: 5.9

1A 1B 2A 2B
Diameter (mm) 68.49 68.32 68.59 68.52
Thickness (mm) 30.31 27.18 30.78 27.05
Time (min) Mass (g) Mass (g) | Mass (Q) Mass (g)
0 248.27 219.72 254.01 219.40
3 250.08 221.23 25541 221.18
5 250.42 221.54 255.67 221.48
7 250.74 221.85 25591 221.77
9 251.00 222.09 256.10 221.98
12 251.33 222.38 256.36 222.27
16 251.71 222.72 256.62 222.61
20 252.03 223.02 256.87 222.87
25 252.38 223.34 257.15 223.17
Saturated Mass (g) | 262.42 232.80 267.17 231.21
R?(Must be >0.98) | 0.9996 0.9996 0.9993 0.9993
Range 3-25 min 3-25min | 3-25 min 3-25 min
Sorptivity (mm/hP) | 11.8 10.4 9.7 10.9
Porosity (%) 12.7 13.1 11.6 11.8
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Table B10: Water Sorptivity Testfor 10% Replacement

Sample ID: 10% Replacement
Date: 10/11/2013
Av. Sorptivity: 10.5 Cov: 15.3
Av. Porosity: 9.9 Cov: 5.7

1A 1B 2A 2B
Diameter (mm) 68.08 68.10 68.08 68.10
Thickness (mm) 29.86 29.54 29.86 29.54
Time (min) Mass (g) Mass (g) | Mass (Q) Mass (g)
0 265.40 263.10 272.70 249.60
3 266.60 264.90 274.10 250.70
5 266.80 265.20 274.30 250.90
7 266.90 265.30 274.60 251.10
9 267.20 265.50 274.80 251.30
12 267.30 265.80 275.10 251.50
16 267.50 266.00 275.30 251.80
20 267.70 266.20 275.60 252.00
25 268.00 266.50 275.90 252.20
Saturated Mass (g) | 276.3 274.50 282.9 259.80
R?(Must be >0.98) | 0.9896 0.9896 0.9954 0.9954
Range 3-25 min 3-25 min | 3-25 min 3-25 min
Sorptivity (mm/hP>) | 8.9 9.7 12.6 10.6
Porosity (%) 10.0 10.6 9.4 9.5
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Table B11: Water Sorptivity Test for 15% Replacement

Sample ID: 15% Replacement
Date: 10/11/2013
Av. Sorptivity: 10.2 Cov: 11.2
Av. Porosity: 14.2 Cov: 11.6

1A 1B 2A 2B
Diameter (mm) 68.38 68.48 68.55 68.91
Thickness (mm) 27.82 27.98 27.69 29.31
Time (min) Mass (g) Mass (g) | Mass (Q) Mass (g)
0 217.72 220.31 226.04 240.44
3 219.60 221.86 227.72 241.79
5 220.03 222.25 228.13 242.08
7 220.42 222.55 228.43 242.30
9 220.71 222.80 228.69 242.49
12 221.11 223.10 229.02 242.72
16 221.55 223.46 229.38 243.00
20 221.95 223.77 229.69 243.28
25 222.38 224.14 230.04 243.53
Saturated Mass (g) | 234.06 235.87 239.63 253.97
R?(Must be >0.98) | 0.9997 0.9997 0.9992 0.9992
Range 3-25 min 3-25min | 3-25 min 3-25 min
Sorptivity (mm/hP?) | 11.2 9.6 11.1 8.9
Porosity (%) 16.0 15.1 13.3 12.4
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Chloride Conductivity

Table B12: Chloride Conductivity Results for Control Sample

Sample 1 Sample 2

Capillary Supply Chloride Capillary Supply Chloride
Voltage Current Conductivity Voltage Current Conductivity

(V) (mA) (mS/cm) (V) (mA) (mS/cm)
7.66433 0.21171 2.28368 7.76846 0.24202 2.49049
7.39670 0.20482 2.28932 7.41128 0.23134 2.49533
7.17380 0.19891 2.29233 7.22201 0.22587 2.50022
7.02855 0.19502 2.29396 7.17297 0.22459 2.50298
6.95097 0.19306 2.29618 7.15596 0.22430 2.50577
6.91424 0.19217 2.29773 7.14726 0.22425 2.50825
6.88581 0.19151 2.29937 7.14137 0.22426 2.51042
6.87804 0.19139 2.30050 7.13627 0.22538 2.52477
6.87674 0.19146 2.30176 7.13469 0.22435 2.51379
6.88063 0.19165 2.30275 7.13355 0.22446 2.51539
6.88785 0.19193 2.30368 7.13183 0.22459 2.51745
6.89666 0.19226 2.30472 7.13080 0.22463 2.51829
6.89990 0.19244 2.30573 7.12913 0.22467 2.51936
6.89961 0.19249 2.30650 7.12752 0.22473 2.52056
6.89833 0.19254 2.30744 7.12734 0.22484 2.52182
6.92011 0.19322 2.30838 7.12667 0.22482 2.52184
6.94128 0.19386 2.30899 7.12577 0.22492 2.52332
6.94507 0.19401 2.30949 7.12545 0.22493 2.52358
6.94560 0.19409 2.31024 7.12406 0.22490 2.52366
6.95519 0.19439 2.31057 7.12404 0.22492 2.52393
6.94586 0.19420 2.31142 7.12381 0.22523 2.52752
6.93270 0.19390 2.31222 7.12349 0.22529 2.52829
6.94328 0.19426 2.31303 7.12334 0.22532 2.52863
6.94325 0.19424 2.31282 7.12256 0.22634 2.54036
6.94381 0.19424 2.31258 7.12197 0.22637 2.54089
6.94488 0.19437 2.31384 7.12260 0.22644 2.54153
6.94064 0.19426 2.31393 7.12316 0.22646 2.54152
6.93838 0.19427 2.31482 7.12295 0.22648 2.54184
6.94479 0.19445 2.31486 7.12331 0.22668 2.54391
6.95075 0.19466 2.31536 7.12310 0.22655 2.54259
6.96231 0.19504 2.31599 7.12302 0.22657 2.54274
6.95821 0.19495 2.31630 7.12244 0.22663 2.54364
6.96118 0.19511 2.31713 7.12328 0.22663 2.54336
6.95755 0.19502 2.31729 7.12568 0.22674 2.54376
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6.96685 0.19532 2.31783 7.12421 0.22666 2.54339
6.96992 0.19539 2.31759 7.12342 0.22671 2.54421
6.96916 0.19538 2.31770 7.12310 0.22667 2.54393
6.97018 0.19542 2.31787 7.12399 0.22671 2.54402
6.96967 0.19547 2.31862 7.12290 0.22674 2.54473
6.97286 0.19561 2.31926 7.12425 0.22680 2.54492
6.97431 0.19570 2.31979 7.12413 0.22682 2.54518
6.97471 0.19574 2.32017 7.12165 0.22669 2.54464
6.97094 0.19582 2.32235 7.12277 0.22668 2.54407
6.96648 0.19573 2.32274 7.12244 0.22659 2.54324
6.97725 0.19601 2.32252 7.11932 0.22657 2.54406
Average: 2.31003 2.52929
Table B13: Chloride Conductivity Results for 2.5% Sample
Sample 1 Sample 2
Capillary Supply Chloride Capillary Supply Chloride
Voltage Current (mA) | Conductivity Voltage Current Conductivity
V) (mS/cm) V) (mA) (mS/cm)
7.60628 0.21423 2.10657 7.10856 0.19901 1.91299
7.19825 0.20300 2.10932 6.93047 0.19429 1.91560
7.11079 0.20069 2.11095 6.89345 0.19334 1.91651
7.09027 0.20027 2.11261 6.88681 0.19350 1.91989
7.07671 0.20007 2.11451 6.85396 0.19292 1.92330
7.06618 0.19988 2.11573 6.83772 0.19263 1.92494
7.05198 0.19958 2.11674 6.85056 0.19306 1.92567
6.84718 0.19394 2.11849 6.88090 0.19396 1.92610
6.81033 0.19302 2.11987 6.89042 0.19425 1.92629
6.83659 0.19376 2.11978 6.92760 0.19535 1.92684
6.80872 0.19243 2.11381 6.89218 0.19448 1.92815
6.80598 0.19282 2.11894 6.71300 0.18991 1.93309
6.83406 0.19358 2.11857 6.68217 0.18867 1.92932
6.87710 0.19481 2.11877 6.72291 0.18976 1.92867
6.89294 0.19529 2.11910 6.74506 0.19059 1.93078
6.85377 0.19444 2.12191 6.79900 0.19177 1.92734
6.85025 0.19422 2.12062 6.79372 0.19199 1.93104
6.84996 0.19418 2.12024 6.74643 0.19068 1.93128
6.84767 0.19414 2.12046 6.78270 0.19188 1.93305
6.84148 0.19401 2.12101 6.80338 0.19241 1.93249
6.82806 0.19364 2.12110 6.81195 0.19269 1.93290
6.81928 0.19342 2.12140 6.75249 0.19069 1.92961
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6.80135 0.19293 2.12166 6.75581 0.19090 1.93085
6.80988 0.19315 2.12145 6.77848 0.19175 1.93291
6.82240 0.19350 2.12138 6.45576 0.18264 1.93309
6.81891 0.19345 2.12187 6.63051 0.18756 1.93289
6.82346 0.19354 2.12148 6.84176 0.19340 1.93155
6.82191 0.19350 2.12148 6.85549 0.19386 1.93223
6.81720 0.19339 2.12180 6.87469 0.19443 1.93248
6.79886 0.19285 2.12154 6.87117 0.19441 1.93335
6.82766 0.19367 2.12162 6.86752 0.19427 1.93292
6.83107 0.19377 2.12157 6.88454 0.19478 1.93326
6.83108 0.19377 2.12164 6.87989 0.19468 1.93354
6.80941 0.19312 2.12126 6.89855 0.19524 1.93391
6.87770 0.19509 2.12156 6.88868 0.19506 1.93483
6.89608 0.19560 2.12146 6.87414 0.19456 1.93400
6.89048 0.19547 2.12182 6.87448 0.19455 1.93380
6.89005 0.19546 2.12183 6.85091 0.19394 1.93432
6.88918 0.19545 2.12191 6.85575 0.19406 1.93421
6.89006 0.19548 2.12201 6.87423 0.19456 1.93399
6.89167 0.19554 2.12217 6.87066 0.19460 1.93530
6.88846 0.19546 2.12223 6.89788 0.19524 1.93410
6.88758 0.19544 2.12233 6.89821 0.19532 1.93479
6.88668 0.19541 2.12231 6.89301 0.19507 1.93371
6.88654 0.19542 2.12248 6.89610 0.19520 1.93413
Average 2.11959 1.93013
Table B14: Chloride Conductivity Results for 5% Sample
Sample 1 Sample 2

Capillary Supply Chloride Capillary Supply Chloride
Voltage Current Conductivity Voltage Current Conductivity

V) (mA) (mS/cm) V) (mA) (mS/cm)
7.60028 0.16468 1.80448 7.15919 0.16063 1.80223
7.40144 0.16067 1.80785 6.62372 0.14936 1.81127
7.28597 0.15815 1.80768 6.81308 0.15387 1.81403
7.24083 0.15711 1.80701 6.78009 0.15330 1.81611
7.22027 0.15686 1.80932 6.76118 0.15305 1.81826
7.21069 0.15654 1.80800 6.74554 0.15282 1.81975
7.20425 0.15635 1.80742 6.58182 0.14928 1.82177
7.19732 0.15616 1.80700 6.66207 0.15113 1.82213
7.19456 0.15592 1.80482 6.67009 0.15150 1.82445
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7.19170 0.15584 1.80465 6.56908 0.14922 1.82458
7.18791 0.15574 1.80449 6.51932 0.14825 1.82660
7.18635 0.15570 1.80436 6.55454 0.14920 1.82836
7.18492 0.15561 1.80370 6.52904 0.14877 1.83026
7.18343 0.15564 1.80444 6.47548 0.14784 1.83386
7.18155 0.15562 1.80468 6.42940 0.14675 1.83341
7.18210 0.15562 1.80448 6.46219 0.14735 1.83158
7.18127 0.15558 1.80423 6.50935 0.14842 1.83149
7.17977 0.15554 1.80414 6.37058 0.14539 1.83320
7.17864 0.15551 1.80413 6.53681 0.14919 1.83328
7.17938 0.15553 1.80413 6.47616 0.14795 1.83505
7.17873 0.15550 1.80393 6.48685 0.14826 1.83578
7.17801 0.15546 1.80371 6.44292 0.14736 1.83711
7.17748 0.15545 1.80374 6.38713 0.14594 1.83536
7.17719 0.15544 1.80366 6.49535 0.14876 1.83959
7.17674 0.15542 1.80354 6.49354 0.14860 1.83819
7.17606 0.15541 1.80354 6.40585 0.14675 1.84011
7.17518 0.15538 1.80352 6.47882 0.14881 1.84492
7.17479 0.15538 1.80354 6.49490 0.14919 1.84500
7.17382 0.15536 1.80357 6.50651 0.14942 1.84457
7.17308 0.15534 1.80348 6.53534 0.15032 1.84749
7.17215 0.15531 1.80347 6.55356 0.15071 1.84714
7.17191 0.15530 1.80340 6.40572 0.14742 1.84858
7.17173 0.15528 1.80321 6.44229 0.14839 1.85010
7.17146 0.15527 1.80312 6.47036 0.14895 1.84905
7.17107 0.15525 1.80297 6.59803 0.15197 1.85012
7.17067 0.15524 1.80292 6.57108 0.15153 1.85226
7.17018 0.15521 1.80270 6.63802 0.15308 1.85239
7.17020 0.15521 1.80276 6.63770 0.15315 1.85324
7.17028 0.15520 1.80257 6.59005 0.15213 1.85425
7.17011 0.15519 1.80252 6.59782 0.15260 1.85779
7.17013 0.15517 1.80231 6.63242 0.15321 1.85545
7.17044 0.15517 1.80220 6.66068 0.15390 1.85592
7.17036 0.15515 1.80199 6.66450 0.15403 1.85644
7.16929 0.15512 1.80190 6.66770 0.15416 1.85711
7.16826 0.15511 1.80209 6.66867 0.15428 1.85823
Average: 1.80416 1.83773
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Table B15: Chloride Conductivity Results for 10% Sample

Sample 1 Sample 2

Capillary Supply Chloride Capillary Supply Chloride
Voltage Current Conductivity Voltage Current Conductivity

V) (mA) (mS/cm) (V) (mA) (mS/cm)
6.90919 0.13516 1.57979 6.71930 0.13208 1.44157
6.88762 0.13437 1.57549 6.77504 0.13354 1.44552
6.85588 0.13358 1.57341 6.69024 0.13173 1.44402
6.86711 0.13368 1.57202 6.83676 0.13463 1.44416
6.87109 0.13365 1.57074 6.78482 0.13335 1.44141
6.87710 0.13354 1.56815 6.82440 0.13408 1.44085
6.87828 0.13356 1.56812 6.84722 0.13454 1.44097
6.88109 0.13344 1.56604 6.88026 0.13547 1.44402
6.88497 0.13351 1.56600 6.88811 0.13563 1.44410
6.88505 0.13335 1.56406 6.89921 0.13596 1.44523
6.89244 0.13149 1.54059 6.87089 0.13526 1.44375
6.89047 0.13141 1.54017 6.85531 0.13530 1.44745
6.89124 0.13091 1.53405 6.83614 0.13483 1.44646
6.87782 0.13319 1.56384 6.83840 0.13472 1.44484
6.88144 0.13318 1.56289 6.86194 0.13500 1.44289
6.87673 0.13296 1.56145 6.86209 0.13485 1.44116
6.86248 0.13264 1.56089 6.85577 0.13505 1.44470
6.86998 0.13275 1.56053 6.87068 0.13525 1.44372
6.86984 0.13250 1.55756 6.92676 0.13628 1.44287
6.87116 0.13246 1.55685 6.87414 0.13514 1.44175
6.85324 0.13208 1.55643 6.90279 0.13572 1.44195
6.86801 0.13226 1.55512 6.91722 0.13600 1.44187
6.87138 0.13227 1.55447 6.91477 0.13573 1.43952
6.87640 0.13227 1.55341 6.92193 0.13556 1.43621
6.88021 0.13231 1.55297 6.92480 0.13588 1.43905
6.88291 0.13229 1.55210 6.91587 0.13567 1.43870
6.88756 0.13237 1.55203 6.93526 0.13572 1.43521
6.89114 0.13241 1.55174 6.92566 0.13557 1.43560
6.89449 0.13242 1.55109 6.93616 0.13582 1.43604
6.89593 0.13240 1.55055 6.94519 0.13452 1.42045
6.89731 0.13238 1.54992 6.94266 0.13400 1.41546
6.89978 0.13206 1.54560 6.91811 0.13303 1.41026
6.90129 0.13192 1.54369 6.93165 0.13294 1.40651
6.90363 0.13191 1.54305 6.94281 0.13264 1.40111
6.90251 0.13189 1.54307 6.93822 0.13247 1.40026
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6.90314 0.13191 1.54316 6.93329 0.13220 1.39839
6.90294 0.13188 1.54289 6.93788 0.13243 1.39992
6.90305 0.13182 1.54217 6.95967 0.13277 1.39906
6.90282 0.13179 1.54181 6.91645 0.13219 1.40168
6.90338 0.13179 1.54174 6.96055 0.13268 1.39794
6.90387 0.13173 1.54093 6.94225 0.13224 1.39695
6.90422 0.13173 1.54083 6.94880 0.13249 1.39833
6.90367 0.13171 1.54070 6.92928 0.13200 1.39707
6.90314 0.13168 1.54048 6.94331 0.13231 1.39756
6.90278 0.13165 1.54019 6.95477 0.13254 1.39764
Average: 1.55362 1.42787
Table B16: Chloride Conductivity Results for 15% Sample
Sample 1 Sample 2

Capillary Supply Chloride Capillary Supply Chloride
Voltage Current Conductivity Voltage Current Conductivity

V) (mA) (mS/cm) V) (mA) (mS/cm)
6.99804 0.12938 1.38672 7.09060 0.10687 1.18415
6.93009 0.12833 1.38903 6.94457 0.10411 1.17788
6.83125 0.12650 1.38899 6.71694 0.10509 1.22930
6.61727 0.12258 1.38948 6.76156 0.10529 1.22348
6.83422 0.12707 1.39468 6.80536 0.10579 1.22138
6.79464 0.12580 1.38869 6.81705 0.10578 1.21914
6.84022 0.12650 1.38718 6.79320 0.10564 1.22180
6.90862 0.12796 1.38933 6.85778 0.10643 1.21930
6.90183 0.12774 1.38824 6.80589 0.10564 1.21952
6.88584 0.12752 1.38913 6.83275 0.10593 1.21809
6.91054 0.12792 1.38851 6.91981 0.10714 1.21650
6.88763 0.12753 1.38880 6.88409 0.10653 1.21587
6.89605 0.12774 1.38946 6.89130 0.10662 1.21556
6.88786 0.12758 1.38936 6.89681 0.10672 1.21571
6.90363 0.12791 1.38971 6.99836 0.10819 1.21462
6.92782 0.12837 1.38990 6.88998 0.10653 1.21479
6.92415 0.12831 1.38993 6.90990 0.10669 1.21311
6.91166 0.12809 1.39003 6.91983 0.10683 1.21294
6.87747 0.12743 1.38982 6.93193 0.10700 1.21279
6.89487 0.12775 1.38975 6.94553 0.10721 1.21273
6.91218 0.12812 1.39026 6.82093 0.10524 1.21229
6.91214 0.12808 1.38990 6.85512 0.10582 1.21285
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6.92252 0.12826 1.38970 6.87868 0.10615 1.21246
6.93852 0.12859 1.39013 6.89857 0.10647 1.21259
6.91408 0.12816 1.39032 6.91342 0.10667 1.21229
6.92413 0.12842 1.39116 6.93038 0.10686 1.21150
6.94792 0.12883 1.39081 6.90230 0.10643 1.21146
6.94375 0.12878 1.39105 6.88293 0.10614 1.21161
6.94129 0.12872 1.39100 6.87902 0.10608 1.21163
6.94501 0.12875 1.39055 6.89096 0.10627 1.21163
6.90841 0.12816 1.39151 6.87496 0.10601 1.21150
6.94159 0.12872 1.39092 6.86695 0.10589 1.21154
6.93691 0.12868 1.39135 6.89627 0.10636 1.21173
6.94212 0.12874 1.39104 6.91951 0.10668 1.21134
6.92874 0.12850 1.39108 6.90887 0.10659 1.21212
6.92914 0.12850 1.39105 6.94092 0.10707 1.21200
6.92422 0.12842 1.39109 6.89949 0.10646 1.21238
6.91718 0.12831 1.39132 6.89043 0.10633 1.21246
6.92289 0.12840 1.39119 6.81207 0.10510 1.21216
6.91953 0.12826 1.39038 6.95056 0.10716 1.21130
6.90603 0.12810 1.39132 6.50308 0.10074 1.21713
6.93601 0.12860 1.39074 6.50055 0.10059 1.21583
6.93410 0.12859 1.39094 6.68436 0.10360 1.21777
6.93503 0.12861 1.39099 6.63518 0.10280 1.21726
6.93756 0.12863 1.39077 6.66553 0.10326 1.21721
Average: 1.39016 1.21339
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Sulphate Attack Results

Table B17: Detailed Sulphate Attak Results

Control 2.50% 5%

Samples| Casted 16-08 Tested | 30-08 | Casted| 1808 | Tested | 01-09 | Casted | 16-08 | Tested | 04-09

Water Curing Sulphate Solution| Water Curing | Sulphate Solution| Water Curing | Sulphate Solution

Weight Load Weight | Load | Weight| Load | Weight | Load | Weight | Load | Weight | Load
1 2378.7 422 2391.7 | 390 2400.6 | 394 | 2311.7 | 362 2508.8 | 366 | 2578.4 | 356
2 2395.5 420 2389 386 2456 | 395 | 2451.2 | 368 2637.8 | 379 | 2601.0 | 350
Average | 2387.1 421 2390.35 | 388 2428.3 | 394.5| 2381.45 | 365 2573.3 | 372.5| 2589.7 | 353

tested 27-08 29-08
1 2428.1 515 2415.3 | 540 2477 | 470 | 2457 480 2345.5 | 453 | 2423.5 | 480
2 2450.0 517 2423.6 | 530 2393 | 460 | 2455 485 2436 450 | 2300 472
Average | 2439.05 516 2419.45 | 535 2435 | 465 | 2456 482.5 | 2390.75| 451.5| 2361.75 | 476
1 2371.2 595.0 2488.6 | 560.0 | 2734.6 | 568.0| 2411.5 |542.0 | 2461.7 | 560.0| 2463.0 | 534.0
2 2412.3 580.0 2417.4 | 558.0 | 2397.3 | 565.0| 2403.7 | 550.0 | 2457.5 | 558.0| 2425.5 | 530.0
3 2460.0 584.0 2459.5 | 550.0 | 2407.0| 570.0| 2476.9 |545.0 | 2477.8 | 550.0| 2486.9 | 540.0
Average | 2414.5 586.3 2455.2 | 556.0 | 2513.0| 567.7| 2430.7 | 545.7 | 2465.7 | 556.0| 2458.5 | 534.7

10% 15%
Samples | Casted | 1808 Tested | 21-09 Casted | 1808 Tested | 21-09
Water Curing Sulphate Solution Water Curing Sulphate Solution
Weight Load Weight Load Weight Load Weight Load

1 2584.7 356 2492.7 346 2441.7 334 2417.2 326
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2 2523.2 362 2484.4 346 2438 330 2427.4 320
Average 2553.95 359 2488.55 346 2439.85 332 2422.3 323
1 2584.7 404 2492.7 420 2508.8 380 2578.4 400
2 2523.2 400 2484 426 2637.8 384 2601 406
Average 2553.95 402 2488.35 423 2573.3 382 2589.7 403
1 2459.5 520.0 2558.1 516.0 2538.3 500.0 2626.2 485.0
2 2505.1 526.0 259.1 506.0 2445.6 510.0 2560.9 490.0
3 2551.5 513.0 250.5 500.0 2569.1 505.0 2485.1 505.0
Average 2505.4 519.7 1022.6 507.3 2517.7 505.0 2557.4 493.3

158P a g e




