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ABSTRACT

The present study has focused on the effects ofiBx@a Activated Carbon (PAC) in fly ash on
the air-entraining admixture demand and conseqpeoperties of concrete. An extensive
laboratory test program was completed during thigestigation. Three series of mixes were
designed to evaluate the effect of PAC as an Hgradst on the fresh and hardened properties
of concrete containing class F fly ash. In additiorconcrete with normal volume fly ash (less
than 50% replacement by weight of cement), conondtte high volume fly ash was also cast.
Fresh properties including the air void content dedsity were evaluated. Permeable air voids
and compressive strength of hardened concrete wat didferent ages were also measured.
Finally, the air void content, specific surfacearspacing factor and shape factor of hardened
concrete were determined using the image analgsimtque. The results of this study show that
the fly ash if injected with PAC in front of the qmipitator has insignificant effect on the
mechanical properties and air-void network whidee&fdurability (specifically freeze and thaw

resistance) of concrete.

Keywords: concrete, air-void characteristics, powderedvabtéd carbon, fly ash, high volume

fly ash, permeable voids, image analysis, durgbilit
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CHAPTER 1- INTRODUCTION

1-1 INTRODUCTION

Fly ash has been successfully used as a supplemeei@aenting admixture in concrete
for decades as it is economic, environmentally athgeous and improves the concrete
mechanical properties and durability (Montgomenaket1981; Idorn and Thaulow 1985; Naik
2005; Laskar and Talukdar 2008). According to thmefican Coal Ash Association, over 15
million tons of fly ash was consumed as cementa@phent in the United States in 2005 which
shows a 15% increase compared with 2003 (Stenedl 2009). In Canada, 4.7 million tons of
fly ash is produced annually, but only 31% of thisantity is used in construction (CIRCA
2006). However, this value shows a relative inadasthe usage of fly ash when compared to
the 21% used in 2002 (CIRCA 2006).

It is well known that during the production of Rartd cement, approximately one ton of
CO; is emitted for each ton of clinker produced thiotige calcinations of the raw materials and
the burning of the fuel (Naik 2005). Filtering fagh from the flue gases emitted from coal-fired
thermal power plants results in a significant rdgnc in particulates released into the
atmosphere. Due to its composition (mostly amorgh®i}) and its fineness, fly ash has been
used in lieu of Portland cement to impart supett@ological properties, strength and durability
to concrete, while also decreasing the equivalé@y €@nissions per ton of concrete.

Recent concerns about air pollution control at ¢wall thermal power stations and the
wider use of co-firing with secondary fuels havamed fly ash in terms of its characteristics. In
Canada, the regulations governing reduced merddgy €missions came into effect in 2011

(Beusse 2005). Some of the more popular methoddi¢ok mercury emissions from the coal-
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fired power plants involve the injection of Powdectivated Carbon (PAC) into the flue gases
to adsorb mercury vapour which then settles alonth whe fly ash in the electrostatic
precipitator (Gong et al. 2007). Powdered activatathon is a form of carbon that has been
processed to make it extremely porous and thusawe fa very large surface area available for
adsorption of chemical components such as mer@A¢ has extensive applications in different
industrial fields, especially in gas purificatigggld purification, metal extraction, water
purification, filters in gas masks and compressedupply (Aizpuru et al. 2003).

The increased carbon level in the resulting fly asn interfere with surface active
chemical admixtures typically used in concrete patihn and may potentially affect both fresh
and hardened properties. Concerns regarding therselperformance of concrete incorporating
fly ash that contains mercury adsorbents must beeaded immediately if the concrete industry
is to continue using fly ash as a cement replacemenurrent (or higher) dosage rates. Thus,
while the changes to mercury emission regulatiorsrdended to improve the environment, the
substantial corresponding impact on the cementcandrete industries must also be addressed.
Meanwhile, no published report is available exptaanthe effect of PAC on the air-void
characteristics of concrete. In this study, theafbf powdered activated carbon on the air-void

characteristics of concrete is investigated.

In recent years, advanced techniques such as imaglgsis have been employed to
determine the air-void characteristics of concfetirencot et al. 1992; Elsen 2001; Zhang et al.
2005; Yun et al. 2007; Peterson 2009). The imag#yais method has been chosen as one of the
most reliable tools for measuring the microstruetof concrete (Pleau et al. 1990). Image
analysis is a technique to capture valuable inftionafrom images by means of digital image

processing techniques. Complicated and time-consymmethods (such as ASTM C457, 2010



standard test method) can be substituted by thisk quethod to capture size distribution, air
void content, specific surface, shape factor anacisg factor. For example, the traditional
ASTM C457 method demands a highly trained expert donducting the time consuming
counting procedure that makes the analysis to@tsdiOther techniques including the standard
ASTM C642 (2006) test method is also used to agkesair-void characteristics of cementitious
materials. This simple test can provide some basid useful information on the density,
absorption and voids of hardened concrete. Dutstease of use, the application of this test has
been growing in recent years. However, it remainsiralirect assessment of the air-void
network. Both discussed techniques were implemeimetis study to determine the air void

characteristics of concrete.

1-2STRUCTURE OF THE THESIS

This dissertation consists of 7 chapters in additto the list of references and
appendices. In the first chapter, a general dasmnipf the entire thesis is provided as an
introduction. In the second chapter, the aim arapsf this research project are clarified. A
comprehensive literature review on the importanteising fly ash in concrete, the effect of
carbon on the air void structure and different\aird analysis techniques was performed. In
particular, a literature review was performed orasuging the air-void characteristics using the
image analysis technique and all of these are tegpan Chapter 3. The mix design, specimen
preparation and test procedures are explained ap@€h4. In Chapter 5, the results of the tests
performed on all mixes (including mixes without AEAith AEA and with different types and

percentages of fly ash and PAC) are reported aswligsed. The summary of the thesis is stated



in Chapter 6. In Chapter 7, some recommendation®xpressed for future studies. Finally, the

list of references and appendices are provideldea¢nd of this thesis.



CHAPTER 2- SCOPE AND OBJECTIVES

2-1 SCOPE AND OBJECTIVE

In Canada, the regulations (Canadian Council ofidfiems of the Environment 2006)
governing reduced mercury emissions from coal-fipeder plants came into effect in January
2011. Clearly, concerns regarding the adverse padoce of concrete incorporating fly ash that
contains mercury adsorbents must be addressed imtelgdif the concrete industry should
continue to blend fly ash at current dosage ratd2artland cement concrete. Prior research has
focused mainly on the effects of unburnt carboflyirash on air-void characteristics (Gao et al.
1997, Hill et al. 1997, Kulatos et al. 1998). Vdeyv reports (Zhou 2007) address the effect of
mercury adsorbents, such as PAC, on the air eettaadmixture (AEA) demand and consequent
properties of concrete. Crucially, there is no Rokimerican standard to govern the use of fly
ash containing mercury-adsorbents so that all temded cement and ready-mix concrete
produced in Canada are based on design guidelaedaped for conventional fly ash. Having
no information on durability and mechanical projgertof concrete containing mercury-
adsorbents prevents accurate predictability of nateesponse. As a result, severe structural
damages in the long term as well as economic lassgshappen. Investigation of the concrete
microstructure leading to an air-void assessmelpisite determine the feasibility of blending fly

ash containing mercury adsorbents.

In this study the effect of mercury adsorbentshandir entrained admixture demand and
the consequent properties of concrete has beerstigated. An extensive laboratory test
program was provided. Mixes were designed to etaltie effect of powdered activated carbon

(PAC) on the fresh and hardened properties of edacrin addition to mixes with normal
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volume fly ash (taken here as <50% concrete replaoé by weight), concrete with high volume

fly ash was also cast. Fresh properties includnegdir void content and density of fresh concrete
are reported. The volume of permeable void and cesspve strength of hardened concrete at
four different ages were also measured. Finallg, dalr void content, the specific surface area,
spacing factor and shape factor of voids withindeaed concrete were determined using the

image analysis technique.

The short term goal of this research program isesolve the Alberta cement industry’s
concerns about the continued use of fly ash whighoentain PAC after the 2011 legislative
changes regarding emissions control. The long tgwai of the project is to enhance the quality
and sustainability of concrete produced in Albema Canada over the next decade. Use of high
volume fly ash in concrete can enable productiooooicrete with enhanced properties at a lower

cost compared to conventional concrete.

2-2 DETAILED TASKS

Three phases were designed for this study. Thiepirase of the research project studied
the effect on concrete from incorporating Class/fash that has been intentionally charged with
different weight fractions of Powdered Activatedri@an (PAC). PAC will soon be commonly
used as a mercury adsorption agent in coal-fireglep@enerating stations in Western Canada.
The mechanical properties and the air-void netwadrkhis concrete are investigated. Since the
permeability of cementitious materials is widelynsmlered as the most important indicator of
concrete durability (Xing et al. 2009), it is inugated through an inspection of porosity and

pore structure. The permeability was indirectlyeased as the traditional methods are time-



consuming. In the second phase, the effect of PAGhe air-void characteristics of concrete
containing 20% fly ash by the weight of cement wa®stigated. In this phase, PAC up to 10%
by weight of fly ash was employed. In the third phathe study investigated the air void
characteristics and mechanical properties of co@a@@ntaining fly ash already treated with PAC
in the power plant. On top of that, the developn@nnix designs to allow the use of fly ash at
higher dosages than is common practice, at up #6 8§ weight of cement was targeted.
Although several reports have been published orptbperties of various High volume fly ash
(HVFA) concrete types which incorporate normaldish (Yang et al. 2007; Kumar et al. 2007)
no study has examined the mechanical or rheologiocgperties of HVFA where the fly ash
contains mercury adsorbents. The tasks completedah phase are as follows:
1- In the first phase, nineteen mixes were cast, daggl as Series #1. Aside from the
reference mix containing no fly ash, the remaini®&mixes included fly ash at 10%,
20% and 30% replacement of cement by weight. Foh dly ash dosage, PAC was
introduced at 0, 1, 2, 3, 4 and 5 % of the fly &shweight. Noting that PAC may
physically adsorb other admixtures and cause clsatgé¢he properties of concrete, in
Series #1, no superplastisizer or air entrainingniatlire was used so that the results
reflect the effect of PAC alone on the fresh anddéaed properties. The density and
slump were measured for the fresh concrete. Theinwel of permeable voids (in
accordance with ASTM C642) and compressive stretggls were performed on the
hardened samples. For finding the pore structumairés, image analysis was employed
using two different sample preparation techniquesely, epoxy-impregnation and inked

preparation.



2-

In the second phase, four mixes were cast androEsid) as Series #2, where the fly ash
(from Lafarge) was kept constant at 20% by weightcement. Powdered activated
carbon at 0%, 2%, 5% and 10% of fly ash by weigbtenadded to mixes containing an
air-entraining admixture (AEA). The tests perfornedthis series were similar to those
on Series #1, so that the fresh density, slumpnaelof permeable voids (in accordance
with ASTM C642) and compressive strength were eatald In addition, the image
analysis technigue was also implemented to askessptcing factor, the specific surface
area and the shape factor of the air voids witbimceete. Again, two sample preparation
techniqgues namely, epoxy-impregnated and inked aqoadpn were applied on the
samples.

In the last phase, nine mixes were cast and desigjrzs Series #3. Fly ash was sourced
from the Genesee plant, Alberta/Canada, producesieh a way that PAC is injected
into the flue gas ahead of the electrostatic pretigr. Series #3 was designed to
demonstrate the effect of fly ash already contg®AC (PAC injected at power plant)
on the air void parameters of concrete and to coenfieese results to the previous series
is which PAC was added during the casting of cdecrin this series, cement was
replaced by the Genesee fly ash at up to 80% ofe¢heent weight in increments of 10%
substitution (0, 10, 20, 30, 40, 50, 60, 70 and &32weight of cement). Four mixes (50,
60, 70 and 80% by weight of cement) in this senese classified as high volume fly ash
concrete as they incorporated greater than 50%dty by weight of cement. All tests
including fresh density, slump, volume of permealdé&ls (in accordance with ASTM
C642), compressive and image analysis were perfbionethe samples. Only the inked

preparation technique was used for image analysiSdries #3 since the results of



previous series showed greater consistency fodipkeparation sample compared to the

ones prepared with epoxy ones.



CHAPTER 3- LITERATURE REVIEW

3-1 IMPORTANCE, BENEFITS AND APPLICATION OF FLY ASH IN CONCRETE

Fly ash is a by-product of coal combustion in poplant operations. Here, the different steps of
fly ash production are briefly explained, see Feg@rl. Before coal is consumed in a power
plant, it is first ground into powder (Xu 2008). & this pulverized coal is injected into the
power plant’s boiler that consumes the carbon,ifgamolten particles rich in silica, alumina,
and calcium (Headwaters Resources 2009). Theselpartrystallize as microscopic, glassy
spheres which are collected from the power plaekbaust through use of an electro static
precipitator. An image taken of fly ash with higlagmification and physical appearance of fly
ash are shown in Figures 3-2a and 3-2b, respegti@hemically, fly ash is classified as a
pozzolanic material due to its high content of gohous siliceous oxide (ASTM C618 2008).
This pozzolanic material shows cementitious propgenvhen combined with calcium hydroxide
(Idorn and Thaolow 1985; ASTM C618-2008). Such mbazs are commonly used as
supplementary cementing materials in Portland céroencrete mixtures to improve both the
short-term and long-term properties.

Concrete containing fly ash can be stronger, maralde, and more resistant to chemical
attack than concrete without fly ash (Malhotra 1,988maruzzaman 2010). A reduction in the
material cost has been reported as one of the megsons to justify the usage of fly ash in some

reports (Ahmaruzzaman 2010).
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Fig. 3-1 Fly ash production process (Xu 2008)
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Fig. 3-2 a) Scanning electron microscope of fly patticles (Xu 2008); b) fly ash (from

Lafarge) used in Series #1 and #2 in this study
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As fly ash is made of particles equal, or finemtltgment particles, it effectively fills voids
and pores inside the concrete matrix. Being spéktily ash particles reduce the water demand
for the specific workability due to a ball-bearimdfect. The ball-bearing effect of fly ash
particles leads to lubrication when concrete existss early fresh state (Xu 2008). Therefore,
the rheological advantages achieved by use ofdlyia a concrete mix (Laskar and Talukdar
2008; Ahmaruzzaman 2010) include:

1) Improved workability: Concrete is easier to congate with less work, responding better

to vibration to fill forms more completely.

2) Ease of pumping: Pumping requires less energy andel pumping distances are

possible.

3) Improved finishing: Smooth architectural surfaces aasier to achieve as is often

required for exposed elements.

4) Reduced mix segregation: Segregation and bleedingedse due to improvement in the

cohesiveness of the material. Segregation leads mon-homogenous concrete. As a
result, different properties in different parts thfe concrete occur, while excessive

bleeding can result a weak layer at the concrefass

Finally, the usage of fly ash creates significaphédfits for the environment. Saving
natural resources and avoiding landfill disposahsti products can be achieved by replacing
cement with fly ash in concrete mixes (Ahmaruzza®@ih0). In addition, by increasing the
durability of the concrete, life cycle costs of ustiures can be significantly reduced.
Furthermore, significant energy savings and reduastin greenhouse gas emissions occur by

partially replacing the Portland cement with fljhas
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3-1-1 Formation and Classification of Fly Ash

The formation process of fly ash contributes to stracture and composition of fly ash
particles (Xu 2008). As mentioned in Section 34i¢ main constituents of fly ash particles
include amorphous alumina and silica, which arend during combustion from the melting of
the inorganic constituents in the individual coattfzles. According to the American Society for
Testing Materials (ASTM C618 2008), two classeslypfish can be distinguished based on the
type of coal used. Class F fly ash is mostly preduitom anthracite or bituminous coals. Class
C fly ash is produced by burning lignite or sulbdbiinous coals (ASTM C618 2008). Both
classes of fly ash exhibit pozzolanic propertielas€ C fly ash also exhibits some cementitious
properties and can react with water without thes@nee of cement particles.

Class F fly ash (which is used in the current studymainly siliceous, and it has a
constant fineness and carbon content. Class Gyasth also has a high lime content of up to
25%. Compared with Class F fly ash, Class C fly hal a lower carbon content, higher
fineness, and lighter colour (Neville 1995). TaBié provides the chemical requirements of both

Class C and Class F fly ash according to ASTM C @088).

3-1-2 Use of Fly Ash in Concrete

As mentioned earlier, fly ash has been successfudgd as a mineral admixture in
Portland cement concrete for nearly 70 years. Atingrto the American Coal Ash Association,
15 million tons of fly ash was consumed as cemeptacement in the United States in 2005,
which shows a 15% increase compared with 2003 ¢Btest al. 2009, American Coal Ash
Association 2004). In Canada, 4.7 million tonslgfadsh are produced annually, but only 31% of

this quantity is used in construction (Berndt 20@®wever, this value shows an increase in the
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usage of fly ash when compared to the 21% in 2@Ghould be noted that the consumption of
fly ash in concrete can increase to 57% of totdl psoduction if the Canadian fly ash is
incorporated without any major processing, i.enaffurther carbon removal is required (Smith

2005).

Table 3-1 Chemical requirements for fly ash (ASTBILE 2008)

Oxide Class F (%) Class C (%)
Fe03+Al,03+SIi0,, min, % 70.0 50.0
SG;, max, % 5.0 5.0
Moisture content, max, % 3.0 3.0
Loss in ignition, max, % 6.0 6.0

3-1-3 Benefits

The benefits of using fly ash in concrete wereflyriksted in Section 3-1. In this section
some of the mechanisms of these advantages araireqgblin more detail. As discussed earlier,
the environmental advantages of using fly ash endbnstruction industry include reduction of
cost of fly ash disposal, efficient land use, amd exjuivalent decrease in g@missions
associated with a reduction in production of Padlaement (Naik 2005). It is well known that
during the production of Portland cement, a langmant of CQ is emitted from calcination of
the raw materials (for instance limestone) as aglthe burning fuel (Smith 2005). By using fly
ash in concrete, the required cement content teaela specified strength can be decreased. As

a result the equivalent G@missions decrease. The second environmentalibegfefs to the
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reduction of fly ash disposal in landfills (Xu 2Q0&andfill space is a big issue especially in
countries with limited dry-land areas.

Concrete made with fly ash exhibits improved tramsproperties, a more homogenous
interfacial transition zone, improved rheologicahhviour and workability, reduced bleeding
and less water demand, higher ultimate strengtduced permeability and chloride ion
penetration, lower heat of hydration, greater tasse to sulfate attack, greater resistance to
alkali-aggregate reactivity, a reduction in drystginkage, and higher electrical resistivity (Poon
et al. 2001; Lee et al. 2003; Miranda et al. 2005gure 3-3 shows the increase of the
compressive strength in concrete containing fly. 83te figure shows that concrete containing

fly ash continues to gain strength up to 365 days.
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Fig. 3-3 Improvement of compressive strength wittoant of fly ash in

binder (Siddique et al. 2007)
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There are two justifications for the improved wdiitdy of concrete containing fly ash
(Zain et al. 1999; Yucel 2006). First, fly ash redsi the amount of water required to produce a
specific slump. The smooth spherical shape of & garticles provides water-reducing
characteristics similar to a water-reducing admixti'he water demand of a concrete mix with
fly ash is typically reduced by up to 10%, depegdim other factors which include the volume,
class and the fineness of fly ash.

Second, fly ash reduces the amount of sand needdteimix to achieve a specified
workability because it creates more paste (Ahmamman 2010). Since the surface area to
volume of sand patrticles is higher than coarseegies, sand requires more paste. Therefore,
reducing the sand content leaves more paste alail@b coat the surface of remaining
aggregates.

In the case of improved durability and transpodperties, not only does fly ash reduce
the amount of water needed to produce a given slimapthrough pozzolanic activity it also
creates more solid Calcium Silicate Hydrate (CSbihponents which fill the capillary pores
and disconnects them (Poon et al. 2001; Boel e208)7; Elahi et al. 2010). Fly ash can also
reduce the corrosion rate of steel embedded in civecrete. By reducing the concrete
permeability though use of fly ash, the penetratiate of aggressive ions, including water,
corrosive chemicals and oxygen reduces signifigaiiigure 3-4 shows the effect of fly ash on
the reduction of concrete permeability. It can bersin Figure 3-4 that chloride permeability
(accordance with ASTM C1202-2005) of concrete cdoe®65 days decreased with an increase

in the fly ash content.
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Fig. 3-4 Decrease of permeability in concrete dointg fly ash (Sengul et al. 2005)

Fly ash also increases resistance from sulphatekatind reduces the possibility of

alkali-silica reaction (ASR). Fly ash in concregzluces sulphate attack in two ways (Plowman

and Cabrera 1996; Sahmaran 2007). First, fly ash Rartland cement replacement reduces the

total calcium hydroxide content available to conebimith sulphates to produce gypsum. The

gypsum reacts with the monosulphoaluminate to fettmngite. Although the volume expansion

of gypsum is higher compared to ettringite, théelats more damaging to the concrete. Figure 3-

5 shows how fly ash can reduce sulphate attaataritbe seen that using fly ash at 50% of the

total binder weight led to decreased expansiomefortar prisms by 85%. Second, aluminates

available in cement also combine with sulphatesréate expansive compounds. By replacing

Portland cement and reducing its total volume goacrete mix, the amount of free aluminates

reduces. Therefore, the potential for expansiveti@aand developing internal cracks drops.
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Fig. 3-5 Reduction of sulphate attack through Udey@sh (Mulenga et al. 2003)

In the case of an alkali-silica reaction (ASR), ish reacts with the alkali hydroxides in
Portland cement paste to make them unavailablerdaction with reactive silica in certain
aggregates. As a result, the potential of ASR dsa® in concrete containing fly ash (Shehata

and Thomas 2000; Shon et al. 2007).

3-2 GROWING CONCERN ON USING FLY ASH

In Section 3-1, the importance of fly ash as an iatime for concrete’s properties was
explained. However, there is growing concern webard to the continued usage of fly ash in
concrete due to the potentially high carbon conteiging from two sources. Across North
America the coal-fired thermal power plants willosobe required to take action towards

reducing mercury emissions. The U.S. Environmdatatection Agency announced in 2000 that
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it would regulate all coal-fired electric utilitytesam generating units for mercury emissions
(Beusse 2005). In Canada, similar legislation nexpua significant drop in mercury emissions
(Canadian Council of Ministers of the Environmef@08@). For the majority of coal-fired thermal
power plants, the easiest and most economical igahrio comply with these regulations is to
inject Powdered Activated Carbon (PAC) into theeflyas ahead of the electrostatic precipitator.
As a result, the generated fly ash is rich in @aaentration of PAC (Liu et al. 2011). On the
other hand, prompted by clean-air legislation inggb®y local governments, several utilities
have changed their conventional burners to low:l@ners (Nkinamubanzi et al. 2003). As a
result, while the flue gases are low inSDd NQ, the resulting fly ash is known to be higher in
its carbon content (Pederson et al. 2008). Unfaitelyg, carbon in fly ash (especially powdered
activated carbon) is suspected to adsorb the sudative admixtures in concrete, in particular
the air-entraining admixtures (AEA).

Activated carbon consists of pores enclosed byoradioms, so that these pores are of
the size of molecules (Marsh and Reinoso 2006)ivaietd carbon has been used since the times
of ancient Egyptians, who employed it to purifysoind for medicinal purposes. After the First
World War, an increase in the manufacture and egiptins of activated carbon has been seen
(Cameron Carbon Incorporated 2006). This matesainade from hardwoods, coconut shell,
fruit stones, coals, and synthetic macromoleculstesns. According to Cameron Carbon
Incorporated (2006), two methods of manufacturictjvated carbon are available, namely,
steam activation and chemical activation. The farim@chieved by removing volatiles and then
oxidising the structure’s carbon atoms, while @éelr is achieved by degradation or dehydration

of the cellulosic raw material structure. High teeradures, 800-1000C, are needed for both

methods. According to Bansal and Goyal (2005)yvatéd carbon can be used in various forms

19



including the granulated form, the powdered formg ¢he recently developed fibrous form. The
Granulated Activated Carbon (GAC) has granules #énat0.6 to 4.0 mm in diameter and it is
generally hard, abrasion-resistant, and denseanthe formulated into a module that can be
removed after saturation to be regenerated andsed-wagain. Meanwhile, GAC is more
expensive compared to PAC which makes its apptinatimited to specific industrial
applications. On the other hand, Powdered Activa@edbon (PAC) is smaller in diameter
compared to GAC with an average diameter of 0.1 @25 mm. The small particle size of
PAC helps to adsorb more material (Xu 2008).

It is worth noting that besides the injection of ®As described above, there are at least
two alternative methods to achieve a reductiohéerhercury emissions at coal-fired generating
stations without causing any negative consequemdtket concrete (Derenne et al. 2009). These
methods include: a) injecting PAC aftiwe fly ash has been removed from the flue gassire
and then removing the activated carbon particlesutyh an additional precipitator and b) using
alternative adsorbents that are physically and atedly inert when accompanying fly ash in
concrete (Derenne et al. 2009). Investigationsgperéd by Zhou et al. (2007) and Lockert et al.
(2005) confirmed that using alternative adsorber#s cause no negative consequences on
concrete. Figure 3-6 shows the diagram of the meganethod by Toxecon (Derenne et al.

2009).
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Fig. 3-6 New method proposed by Toxecon to obtgiagh without PAC (Derenne et al. 2009)

Nonetheless, these techniques are at present &hexxpensive or at the investigative
stage so that they have not been used as the liadlgstle (Landreth et al. 2007, Lockert et al.

2005).

3-3 EFFECT OF CARBON ON AIR VOID STRUCTURE

In this section, the previous studies performethtestigate the effect of unburnt carbon
on the air-void structures are explained. It is ttwdo remind that the unburnt carbon can be
evaluated by Loss of Ignition (LOI). Although thiéeet of unburnt carbon and PAC on concrete
may be different the following sentences list tHéea of unburnt carbon as there is little
published information (Liu et al. 2011) on PAC’$eet on concrete.

Osbaeck and Smith (1985) believed that fly ashctdf¢he air void network through a

direct contribution from its porous particles anddalsorbing the AEA. Many researchers opine
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that the amount of unburnt carbon in fly ash, ugualeasured by the loss on ignition (LOI), is
related to the rate of adsorbtion of surfactats AEA. However, others have shown that there
are numerous parameters related to fly ash thattathe efficiency of AEA. Suuberg et al.
(1998) found that the porosity and surface arezadfon particles and their electrical polarity are
important factors affecting the adsorption of AERmilar conclusions were reached by Kulaots
et al. (1998), who studied the effect of polaritydaaccessible surface porosity of carbon
particles in fly ash on the adsorption of AEA. Gatoal. (1997) indicated that the accessible,
hydrophobic and carbonaceous surface area of carbdly ash is primarily responsible for
increasing the AEA demand. In addition to the unbegarbon (LOI), Gelber and Klieger (2005)
showed that the S{Tontent and the specific gravity of fly ash infige the air void content of
concrete. Again, the reader should be aware ok¥ing difference between unburnt carbon
and PAC. Hill et al. (1997) showed that differeatmples of fly ash with the same unburnt
carbon content may demand different amounts of A&tAhe same efficiency. They found that
the surface chemistry and structure of smallerigdast and the random orientation of the
optically isotropic carbon impart a greater actsgface area for polar agents such as AEA’s.
Sporel et al. (2009) indicated that the specifi¢ae area of the porous unburnt carbon in the fly
ash is the single most important parameter thattdfthe demand of AEA for a certain range of
air void contents in the fresh concrete. It is éfi@re clear from these investigations that the air-
void structure of concrete containing fly ash isnvately connected to the unburnt carbon that
accompanies it. However, there is limited informaton how PAC, an externally introduced
carbon additive to the flue gases in thermal poplants, affects the AEA demand, the air-void
network, and the consequent rheological and tinpedéent mechanical performance of

concrete.
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3-4 REVIEW OF DIFFERENT AIR VOID ANALYSIS TECHNIQUE S

Over the years, concrete technology experts havedinced different ways to estimate
the microstructure and pore structure of conci@tene of these methods have been widely used
by researchers due to their reliability. In thistgE some of the common tests related to pore

structure of concrete are described.

3-4-1 Mercury Intrusion Porosimetry (MIP)

The pore structure characteristics of cementitiouasterials can be evaluated by Mercury
Intrusion Porosimetry (MIP) (Laskar et al. 1997;rKar and Bhattacharjee 2003a; Cnudde et al.
2009). Figure 3-7 shows the principles of the M#Ehnique. The usual model is that of a system
of cylindrical pores each of which is completelgessible to the outer surface of the specimen,
and thus to the surrounding mercury (Diamond 200ére 2008; Stroeven et al. 2010). For
porous material like concrete that conform to saghodel, the well-known Washburn equation
may be properly applied to assess the diameteylofdecical pores intruded at each pressuring

step (Diamond 2000). The Washburn equation proptsegore diameter as r =2gcog)g/
where r is the pore entry radius in which mercsrbeing intruded, g is surface tension, q éind

are contact angles of mercury with solid and apppesssure, respectively (Abell et al. 1999).
As mentioned earlier, the Washburn model has besedon two major assumptions namely,
that 1) pores are cylindrical and 2) the pores ageessible from the outer surface of the
specimen. These simple assumptions were critidigecesearchers where they especially doubt
if the pores are perfectly cylindrical (llavsky &t 1997). In order to overcome this criticism,
shape factor corrections can be applied to tharm@igVashburn equation (llavsky et al. 1997).
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Meanwhile, the results of shape factor that arenteg later in this text show values close to

unity. This can help confirm the first assumptidribee Washburn model.

Mercury Intrusion Porosimetry

Principle:

Fill with Apply
mercury pressure

T \ 4
il

Evacuate

i)

1]
i

]
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i

The relation between the applied pressure
and the smallest filled pores is:

=20 cos8

p=*""17""(Washbumn)
& = Surface tension (0.48 Nfm) p = Pressure
& = Wetting angle (1407} r = Pore radius

Fig. 3-7 Principles of the MIP technique (Fraunhafe of September 52011)
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Despite the MIP method being the most common teglito find the pore size
distribution, mercury porosimetry results are diecby a number of experimental factors
including the contact angle and surface tensiomefcury, sample preparation, forms and types
of sample, sample drying technique, and rate ofqunee application (Cook and Hover 1991;
Hearn and Hooton 1992; Bourdtte et al. 1995; Feldarad Beaudoin 1997; Laskar et al. 2003).
According to a literature review of porosimetry fmgment-based materials, commonly adopted
values of contact angles are typically 117 for ederd sample, 130 for chemical dried samples
using magnesium perchlorate hydrate, and 140 favtlaér techniques (Winslow and Diamond
1970; Schneider and Diederichs 1983; Kaufmann.e2@09). For cement-based materials, the
adopted values for surface tension of mercury batyween 0.473 and 0.485 N/m.

It has been observed that for cement-based matewdther factors including solid
compressibility and mercury compression may aldecafthe pore size distribution curve but
only for pore diameters less than 50 nm (Kumar Bhdttacharjee 2003b). The error due to
solid compressibility and mercury compression ismore than 3% (Allen 1975).

According to the Patil and Bhattacharjee (2008dgtuMIP has some drawbacks in
measuring the pore distribution of concrete. Thwte that “the measured radius is only the
pore entry radius and volume of pore registerednag@ pore size may be misrepresented as
many large pores in the cementitious system arewsuded by smaller gel pores.”

Several researchers have conducted extensive igat#sh on the MIP method to
determine pore size distribution of cementitiousgenal. Various models have been proposed
making a relationship between air void size anddisribution for concrete with different
water/cement ratios and curing conditions (Khaal e2000; Herman and Yajun 2003). It should

be noted that MIP technique was not executed sgtudy.
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3-4-2 Nitrogen Sorption

Nitrogen sorption is a widely established methodatmlyze the pore structure of
concrete. Researchers believe that “adsorptiontiigen is independent from network effects as
filling of the pores is from small to large, whesedesorption may be significantly influenced by
metastable nitrogen located in pores that are atiedy smaller ones only” (Kaufmann et al.
2009). Large pores cannot be analyzed as the peesfwnitrogen gas does not reach to the
saturation level (Kaufmann et al. 2009). Therefa@densation of nitrogen does not occur in
these pores.

In this technique, the equilibrium of the interrmhd external nitrogen pressure is
achieved only approximately. Since the dynamicthefnitrogen filling are not investigated, no
information about the tortuosity or the connecyivaff a pore to an external surface is achieved
(Kaufmann et al. 2009). Figure 3-8 shows a typieallt of a nitrogen sorption test. The X-axis,

P and B denote the relative pressure, nitrogen pressut@smospheric pressure, respectively.
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3-4-3 Permeability

Concrete permeability relates to the ease of fludsgases (water, carbon dioxide,
chloride ion, and oxygen) to migrate through thedkaed concrete body. The permeation
characteristics of concrete are one of the mosbrtapt parameters impacting the durability of
concrete structures (Sanjuan and Martilaty 199%)t&J60 years ago it was an accepted theory
that the total air void content is the major facédiecting the permeability and durability of
concrete. Later, this idea was changed by a theayosed by Powers (1949). He introduced the
spacing factor as a parameter to describe theteffamid spacing on the durability of concrete.
The spacing factor is an index presenting the masindistance of any point in a cement paste
from an air void. Powers (1949) concluded thatgpacing of voids compared to the total air
voids controls the resistance of concrete aganesize and thaw cycles. He showed that lower
spacing factors correlated with more durable cdecrEhis factor is the basis of protecting the
paste from freeze and thaw cycles (Lawrence e2(2). Many researchers also reported the
importance of spacing factor on the durability ohcrete. Pigeon and Lachance (1981) showed
that the spacing factor affects the durability ohcrete against freeze and thaw cycles. Pigeon et
al. (1985) also showed the importance of spacimgofaon the durability of concrete. They
confirmed the critical value of spacing factor obéal from Powers (1949) as per the hydraulic
pressure theory.

Permeability can be indirectly used to predict fhage structure of concrete paste,
especially its interconnected voids. There are rsdveroposed relationships between
permeability and porosity in the literature (Powetsal. 1954; Felix and Munoz 2006). One
should notice that several parameters may affextrésult of permeability, including moisture

content, degree of saturation, and the precondigpprocess that make the results uncertain.
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Meanwhile, the most common permeability tests heewater, gas and chloride permeability
tests (Boel et al. 2007). However, the gas pernligabest slowly dominates against the others
due to its high speed and its inert reaction rald woncrete. Figure 3-9 shows typical devices

used for gas and water permeability tests.

Fig. 3-9 Devices for a) water permeability; b) ¢ests

(Universiti Teknologi Mara as of September 15th201

M.K. Instruments as of September 15th 2011)

3-4-4 Absorption and Sorptivity
In many countries, water absorption is widely ussda practical compliance criterion
with regard to concrete durability (Schutter andd@maert 2004). Maximum water absorption

values can form part of technique specificationsctincrete products. Water absorption tests can
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be performed in the laboratory using specimensicarel saturated in a standard way. The water
absorption V) is expressed as the water uptake relative tdphenass:
W=(MsM,)/M, Eq. 3-1

where M, andM, denote the saturated and dry mass of concrefgategely.

The rate of water absorbed into concrete throughptires gives important information
about the microstructure and permeability chargéttes of concrete (Kumar and Bhattacharjee
2003b). Experimental results show that the deptiwafer absorbed into concrete increases
linearly with respect to the square root of wettithge (Parrott 1992). In terminology, the
sorptivity is the change in volume of water absdrper unit area against the square root of time
(Claisse et al. 1997). Water absorption and satptoan suggest useful data regarding the pore

structure of the cement paste.

3-4-5 Image Analysis
Image analysis is a relatively new way to determtine pore structure of hardened

concrete giving valuable information in this fieBloth manual and automated analysis methods
can be used to assess the pore distribution ofrettnpaste. Standard ASTM C457 (2010) is one
of the accepted methods which measures the chatelsepted in the air voids along a series of
regularly spaced lines of traverse (Hover and PhaB96). In the automated methods, images
captured through a scanning electron microscopeM{SEoptical microscope, or micro
tomography device are analyzed by a suitable inaagdysis software. The air-void percentage,

the spacing factor, shape factor, and surface@ede obtained when the automated technique
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is employed. Figure 3-10 shows an apparatus deselégr the image analysis technique. The

image analysis technique is explained in more diet&ections 3-5 and 4-2-5.

Image analysis Optical
software microscope

Fig. 3-10 Image analysis technique employed foemeiing the structure of concrete (CXI

Corporate as of September”‘.[EOll)

3-5 EVALUATION OF AIR-VOID STRUCTURE USING IMAGE AN ALYSIS

In the previous section, investigation of the amidvparameters of concrete by using
traditional methods including absorption and serppti mercury intrusion porosimetry, nitrogen
sorption, and measuring the permeability was dsstisHowever, in recent years advanced
techniques such as image analysis have been endpioyetermine the air-void characteristics
of concrete. Several researchers have chosen iarajgsis method as one of the reliable tools

for measuring the microstructure of concrete. laimethod of capturing valuable information
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from images by means of digital image processiogrigues. Complicated and time-consuming
methods can be substituted by this quick methodafmure size distribution, air void content,
specific surface area, shape factor, and spacictgrfaFor example, the ASTM C457 method
demands a highly trained expert to conduct the-toresuming counting procedure that makes

the analysis too tedious.

Pleau et al. (1990) believe that the image amalygthod eliminates drawbacks of the
manual ASTM C457 method. They state that the imaggysis method gives more reliable
results compared to ASTM C457 and believe thattdgbnique yields a better assessment of the
real spacing of the air void in concrete by provgla simple and easy way to record the size
distribution. According to the Pleau et al. (1980)dy, preparation of the concrete surface prior
to microscopic examination is an important factdtuencing the accuracy of the results. Elsen
(2001) compared the air void parameters of concnetk different range of air void using
manual point count, manual linear traverse, andraated linear traverse methods. He found
that application of different methods causes nmiB@ant change in the results. Nevertheless,
sampling is the major cause of variation in airdvaesults (CTRE 2008). Elsen also concluded
that automated methods are fast but can be probtemvhen a high amount of porous sand
grains exist in concrete. Yun et al. (2007) meas$tine micro air void system of concrete using
the image analysis method. They applied this teglaito acquire a better understanding of
chloride permeability. They showed that the usdatéx polymer can significantly lower the
value of the air void spacing factor. Peterson.g2809) employed the minimum deviation from
the unity method and maximum Kappa statistic metfe&l two methods to determine the
optimum threshold value) to calculate the air-vparameters using flatbed scanner images.

They found that the optimum threshold level acauydd the minimum deviation from unity and
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maximum Kappa methods were 149 and 153, respegtiVbkey determined the spacing factor

of 0.637 mm for the non-air entrained concrete.

One of the earliest studies on the air-void netwafrkoncrete using image analysis was
done by Lange et al. (1994). They applied the imagaysis method and compared its results
with the mercury intrusion porosimetry method. Aaling to their observations, both methods
generated pore size distribution curves of sim#hape, although their magnitudes were
distinctively different. They showed that using tlmage analysis technique results in
measurement of larger pores at 100-time order gjnmizde compared to the MIP. They also
found that the image-based pore-size distributionves can better describe the large porosity of
matrix in concrete. Zhang et §2006) developed a new automated system for miomsc
determination of air-void parameters in hardenedkcoete involving a new sample preparation
technique. This automated linear traverse methedsiadditional preparation treatment besides
the normal sample preparation. They compared thealtseof the air-void network of concrete
samples obtained from both normal and automatezhiitraverse methods. They summarized
that the automated linear traverse method yieldacaeptable range of air-void parameters. In
another study performed by Zalocha et al. (2005gwa automated image analysis method using
a flatbed scanner was introduced. They believe tthiattechnique possesses some advantages,
including the need for less preparation, lower ewsat a very steady source of light. One should

notice that unsteady light may cause trouble irrosicopic observations.

Comparison between the manual linear traverse ataheated image analysis methods
to measure air-void characteristic has been doneahgus researchers (Roberts and Scali 1984,

Laurencot et al. 1992; Pleau et al. 2001). Someethat both methods result in the same air
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void content and spacing factor, while others disagThere is general agreement among the

researchers that sample preparation plays an iaraule in image analysis results.

Image analysis has also been employed to determhi@eair-void characteristic of
concrete containing supplementary admixtures. &inand Zielinski (2008) performed an
investigation on the air-void network of concretatining a new type of fly ash by using the
image analysis method. They found that fly ash aitmgher LOI (recall that higher LOI is not
necessarily equivalent to higher PAC) leads toghdr spacing factor. In addition, they showed
that the air-void diameter of concrete with fly asthigher than that of concrete without fly ash.
Another study was performed by Giergiczny et aQ0@) to investigate the influence of slag-
blended cement on the air-void structure. Usingormated image analysis they found that
increasing slag percentages resulted in a decdabe total air volume in hardened concrete
and consequently corruption of the air-void syst&anerally, it should be noted that the easy,
quick, and low-cost automated image analysis meih@@dme cases may cause different air void
content results in respect to actuality, remindung that improvement of its accuracy is

necessary.

3-6 SUMMARY

The literature reviewed narrates the influencelyfth on the mechanical and chemical
properties of concrete. It is seen that due taontwe rules imposed by the government, the carbon
content of fly ash has increased. The increasheotarbon content raises concern with regard to
the continued usage of fly ash in concrete. Thecefbf carbon on the air-void network of

concrete is discussed in the current chapter. iiffieavailable methods regarding to prediction

34



of the air-void characteristics are also descrilpethis chapter. Finally, the advantages of using
the image analysis technique to determine the@d-network are described. It is shown that the
image analysis method is a reliable tool to mea#lugemicrostructure of concrete. In the next

chapter, the experimental program is explaineceiaits.
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CHAPTER 4: EXPERIMENTAL PROGRAM

This chapter describes the details of the expetiaheprogram including material
properties, concrete mixture designs and test pioes that were used in this study to

investigate the air-void characteristic of concrete

4-1 MIX DESIGN AND SPECIMEN PREPARATION

4-1-1 Material Properties

The chemical properties of Class F fly ash (fronfatge), Genesee fly ash (Class F),
Type GU cement, silica fume and limestone that wervided by the suppliers are listed in
Table 4-1. The particle size distribution for flsheaand limestone is shown in Figure 4-1. It has to
be clarified that in this study, only one batchflyf ash from the Genesee power plant was

received and all samples in Series #3 were made that particular batch.

Table 4-1 Chemical analysis of fly ash, cemenigailume and limestone

Compound| SIiO, Al 03 FeO; CaO MgO S@ NaO KO TiO, POs LOI
Class F

55.53 23.24 3.62 109 122 024 283 0.76 0.68 054
fly ash
Genesee

59.40 2240 391 5.91 - 0.11 275 1.62 - - 0.33
fly ash
Type GU

19.87 4.14 2.84 622 021 252 021 0.62 0.20 0.67220
Cement
Silica fume | 92.40 0.50 4.00 0.6 04 090 0.20 1.00 - - -
Limestone | 1.36 0.10 0.20 50.96 2.60 - 0.11 0.40 - - -
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Fig. 4-1 Particle size distribution of Class Fdigh and limestone used in this study

A Powdered Activated Carbon (PAC) that is commardgd as the mercury adsorbent in
thermal power plants was sourced locally for thiglg. The moisture content, lodine number,
apparent density, and the ash content of the PA€ presented by the manufacturer as 8%, 750
mg/g, 0.65 g/cc, and 15%, respectively. The pa&tstte distribution of the PAC that was tested
by the supplier is shown in Figure 4-2. Figure 4f®ws images from a scanning electron
microscope at two different magnifications thateavthe high specific surface area of the PAC.
The specific surface area was specified by the lmrmas 500 fYg. Another PAC, sourced from
a different supplier, was used in the Genesee Elairg the production of fly ash and it showed
similar properties (moisture content, apparent ifg@sd specific surface area) as the PAC used
in this study. The moisture content, apparent dgnspecific surface area and patrticle size of the
PAC used in the Genesee Plant were presented bydhefacturer as 12%, 0.5-0.7 g/cc, 500
m?/g and 15-25 microns, respectively. It is worthtaéiag that although these two powdered

activated carbons are not identical, they showlamproperties.
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Fig. 4-2Particle size distribution of powced activated carbomsed in

Series #1 and 2 of this study

Fig. 4-3SEM images of PA(used in Series #1 and 2tbis studyat

a) magnification = 12,000 ; b) magnification = 800 X

The fine and coarse aggregate weiliceous, angular and aformal weigtk. Their
respective particle size distribution is shown igure 4-4. Thevater absorption (the fine and
coarse aggregate wawmeasured a<.0% and 1.2%, respectively.h@ relative density ¢
aggregates was measured as per ASTM C128 (2007).
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Fig. 4-4 Sieve analysis of the aggregates

4-1-2 Mix Proportions

The concrete mixture designs have been dividedtimte series that are explained in the
following paragraphs. In the first series, Serigsineteen mixes were cast according to the mix
compositions shown in Table 4-2 using Type GU Radlcement and Class F fly ash. Aside
from the reference mix (OFOP: i.e. 0% fly ash af@l ®AC) containing no fly ash, the remaining
18 mixes included fly ash at 10%, 20%, and 30%a@ghent of cement by weight. In all mixes,
the water to binder (cement plus fly ash) ratio Wwapt constant at 0.5 and 900, 900, and 185
kg/m® of fine aggregate, coarse aggregate, and water ussd, respectively. In practice, PAC is
injected into the flue gases in the range of 0{/8Macf (Nelson et al. 2004, Dombrowski

2007, Lockert et al. 2005) which is equivalent t&% of PAC by weight in the fly ash.
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Therefore, in this research program, PAC was intced at 0, 1, 2, 3, 4, 5 and 10 % of fly ash by
weight for Series #1 and 2 where Portland cemert paxtially replaced with fly ash. The
Genesee fly ash in Series #3 included PAC as destbelow. Noting that PAC may physically
adsorb other admixtures and cause changes to thmerties of concrete, in Series #1 no
superplastisizer or air entraining admixture wasduso that the results would reflect the effect of
PAC alone on the fresh and hardened properties.mikedesignation is explained as follows:
For example, mix 10F4P refers to the mixture thed 80% fly ash by weight of binder, and
further, the fly ash contained PAC at 4% by weight.

In the second series, Series #2, four mixes wese Gae quantity of fly ash was kept
constant at 20% replacement of cement by weighe. Whter to binder (cement plus fly ash)
ratio was kept constant at 0.5. The fine aggregaia;,se aggregate, and water content were used
at 900, 900, and 185 kgfnrespectively. PAC at 0, 2, 5 and 10% was addedites containing
the air-entraining admixture (AEA) to determine ttigect of PAC on air-entrained concrete.
The cementitious content and air-entraining adméxtuere kept constant at 370 kg/amd 0.5%
of the total binder weight, respectively. MB-AE @ASF 2007), which meets the requirements
of ASTM C 260 (2010), was used as the air-entrgi@dmixture. The mixture design is shown
in Table 4-3. The mix designation is explained @kws: For example, mix A20F5P refers to
the mixture containing an air-entraining admixtae designated by the capital letter A. This

mixture had 20% fly ash by weight of binder and P&&% by weight of fly ash.
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Table 4-2 Mix composition and proportions for Seriel

Number ID Cement (kg/nt)  Fly ash (kg/nt) PAC (kg/m®)

1 OFOP 370 0 0

2 10FOP 333 37 0

3 10F1P 333 37 0.37
4 10F2P 333 37 0.74
5 10F3P 333 37 1.11
6 10F4P 333 37 1.48
7 10F5P 333 37 1.85
8 20FOP 296 74 0

9 20F1P 296 74 0.74
10 20F2P 296 74 1.48
11 20F3P 296 74 2.22
12 20F4P 296 74 2.96
13 20F5P 296 74 3.7
14 30FOP 259 111 0

15 30F1P 259 111 1.11
16 30F2P 259 111 2.22
17 30F3P 259 111 3.33
18 30F4P 259 111 4.44
19 30F5P 259 111 5.55

Series #3 includes 9 mixes. In this series no adéad@ was used. Instead, fly ash
obtained from the Genesee Power Plant replacedrtheary fly ash used in the previous series.
The Genesee Plant injects PAC into the flue gasdilo¢ the electrostatic precipitator at 5-10
Ib/MMacf. A linear fit to Figure 4-5 gave Equati@hl. Subbituminous coal was chosen from

Figure 4-5 for developing the equation as the Gemgmwer plant uses Subbituminous coal
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(AAD Document Control 2006). Subbituminous coahisype of coal that varies from black to

brown and mostly formed by lignite. Bituminous c@gahn organic sedimentary rock formed by

Anthracite. It is worth stating that the Geneseegroplant used subbituminous and as a result, it

produced Class F fly ash.

7 (%) = 0.273%  (Ib/MMacf)

Eq. 4-1

where, 7 and¢ denote the PAC content in fly ash and PAC injectite, respectively. In this

equation, the PAC injection rate is in as the Ib/&tf] where it results in the percent of PAC

content in fly ash.

PAC in fly ash (%)
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Fig. 4-5 Relationship between the PAC injectior ratd percentage of PAC in concrete

(Lockert et al. 2005)

It is worth nothing that the Ib/MMacf unit meansupals/million actual cubic foot and

describes that the rate measured under actual temmsli One Ib/MMacf is equivalent to 16.02
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milligrams/cubic meter. As discussed, based on wbkime of the flue gas, the required
powdered activated carbon is injected in front leé gas precipitator. For instance, the PAC
injection rate of 5 Ib/MMacf shows that for eachlion cubic feet of flue gas, 5 pounds of PAC
should be used. Inputting the injection rate an8 &0 Ib/MMacf as the injection rate (AAD
Document Control 2006) into this equation yieldd4-2.7 percent of PAC in fly ash. In this
study, the median of this range (2%) was assumdtea®AC content of the Genesee fly ash.
The Genesee fly ash used in this study was samplé®009 where the injection rate was
reported in 2006. However, it can be concluded tiinjection rate has not changed over those
years (Hoffmann and Brown 2003, CCME 2008). It trtlv restating that throughout this study,
the PAC content of the Genesee fly ash was asstoriggel 2% as there is no available technique
or equipment to measure the actual PAC contentyofigh. This assumption was the best
approximate which could be made when there waslteonative way to determine the PAC

content of the Genesee fly ash.

Table 4-3 Mix composition and proportions for Seme

Cement Fly ash PAC AEA
Number ID 3 3 3 3
(kg/m®) (kg/m) (kg/m®) (kg/m)
1 A20FO0P 296 74 0 1.85
2 A20F2P 296 74 1.48 1.85
3 A20F5P 296 74 3.70 1.85
4 A20F10P 296 74 7.40 1.85

Recall that the total PAC content inclusion in thencrete containing high volume
Genesee fly ash (A50F-G, A60F-G, A70F-G and A80RsG)igher than those mixes containing

2% or 5% PAC (A20F2P and A20F5P). Series #3 wagded to examine the effect of the fly
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ash containing carbon on the air void parametentrete and to compare these results to the
previous series in which PAC was added during #stilmg of concrete. In Series #3 mixes, the
water to binder (cement plus fly ash) ratio wastkepnstant at 0.5. The amount of fine
aggregate, coarse aggregate and water per cub@ wfetoncrete was 900 kg/m900 kg/n,

and 185 kg/m respectively. No superplastisizer was used innthees. In the third series, the
cementitious content and air-entraining admixtuszenkept constant at 370 kg/mnd 0.5% of
the total binder weight, respectively. MB-AE 90 (BRA 2007) and Type GU Portland cement
were used as the air-entraining admixture and cemespectively. In this series, high volume
fly ash concrete was also cast. Genesee fly adhcexp up to 80% of the cement weight. It
should be noted that making concrete with a highume of fly ash poses difficulties in
industrial practice since the initial and final s@tes increase substantially (Bentz and Ferraris
2010). Silica fume and limestone were added tanhes at 5% of the binder (cement+fly ash)
content for those mixes with 70 and 80% of fly &#shweight of concrete to compensate this
delay. The mixture design of Series #3 is showmahle 4-4. The mix designation is explained
as follows: For example, mix A10F-G refers to thixtore which had 10% Genesee fly ash by
weight of binder. The capital letters G and A stémdGenesee fly ash and AEA, respectively.
Mixes A70F-G and A80F-G containing silica fume ahohestone also follow the same

designation as others.

4-1-3 Specimen Preparation

For each designated mix, twelve cylinders of dine@emslO0 x 200 mm and twelve

cylinders of dimension 75 x 150 mm were cast. THnger specimens were used to determine
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the compressive strength of concrete after 7, 84ard 60 days while the smaller specimens
were used to determine the volume of permeablesvinidhardened concrete in accordance with
ASTM C642 (2006) at the same age as the compressss. All specimens were cured in a

controlled temperature (252 °C) and humidity (95%%0 RH) room before the tests.

Table 4-4 Mix composition and proportions for Sem#

PAC Silica

Number ID Cemeglt Fly asgh inclusion* AEA3 fume Limestgne
kg/m?) ko/m)  Tpomy KO omy (kaim)

1 AOF-G 370 0 0 1.85 0.0 0.0
” ALOF-G 333 37 0.74 1.85 0.0 0.0
3 A20F-G 296 74 1.48 1.85 0.0 0.0
4 A30F-G 259 111 2.22 1.85 0.0 0.0
5 A4OF-G 222 148 2.96 1.85 0.0 0.0
5 AS50F-G 185 185 3.7 1.85 0.0 0.0
y ABOF-G 148 222 4.44 1.85 0.0 0.0
3 ATOF-G 111 259 5.18 1.85 185 18.5
9 A8OF-G 74 296 5.92 185 185 18.5

* The equivalent PAC based on 2% by weight of 8 assumption for Genesee ash

4-2 TEST PROCEDURE

In this section the details of the tests that weeeformed in this investigation are

described. These tests include the foam index nesasurement of air void content in the fresh
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concrete, fresh density, compressive strengthhfrésnsity, absorption, voids in hardened

concrete, and image analysis to evaluate the arparameters.

4-2-1 Foam Index Test

The foam index test is considered the most comnesh Wised for determining if a
particular fly ash can be employed as a concredéiael (Kulaots et al. 2003). The test is widely
used because it can be performed with simple eqgnp@ind simple training of technicians. The
purpose of the foam index test is to determineréhative levels of AEA needed for concrete
containing fly ash and other materials that aff@ctentrainment in concrete (GRACE 2002).
Generally, if a higher dosage of admixture is nddde getting a stable condition at the endpoint
of the foam index test, it means that the fly aghhave poor performance in the field (Kulaots
et al. 2003). Unfortunately, different AEAs can gidifferent values of foam index, which makes
it difficult to develop a truly standard test. Alssince it has not been recognized as a standard
test, it is carried out in different ways by diat research groups. Therefore, it cannot be used
as a reliable test in the concrete area. Nonethelesgeneral, this test is performed to allow
industrial companies to compare their products.

The test method used in this study is describedarfollowing lines (GRACE 2002):

1. Twenty grams of fly ash are placed in a bowl.
2. In the next step, 50 mL of water is added tolbwl, then it is capped and mixed. Mixing

continues for 1 minute. Here, a 250-watt one blader is used to mix the contents.
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3. AEA solution is added in small increments ofrbps$ at a time. Each drop equals to 0.05 ml.
After each addition, the contents are vigorouslyedifor 15 seconds. The stability of the foam
is observed.

4. Until the foam remains stable on the surfaceatdeast 45 seconds, the step 3 is repeated. This
step is subjective and depends on the judgmeriteofeichnician. The volume of AEA in which
the foam is judged stable is quantified as the foadax.

By repeating the test and gaining more experient&ge reliable results can be achieved. All
foam index tests were replicated at least twice, thie reported values are the averages of the
two results. The foam index test setup and bubbiested on the surface of the mix are shown in

Figures 4-6a and 4-6b, respectively.

AEA container

Fig. 4-6 a) Foam index test setup; b) stable foam
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The foam index test was performed for the fly asaduin this study. In addition to the
plain fly ash, the foam index test was also perfmrfor fly ash with two different percentages

(2.5% and 5%) of PAC.

4-2-2 Fresh Air Void Content and Fresh Density

The air void content of fresh concrete was obtaimedccordance with ASTM C231
(2009) which addresses the pressure method. Fbrreag the air void content was obtained
three times. The density of fresh concrete was amm@sured by implementing the same
container used for the air-content test. The volwihthe container was 7 liters. The density of
fresh concrete was determined by dividing the wemhconcrete by its volume. The fresh

density was measured three times for each mix.

4-2-3 Compressive Strength

The compression tests were performed in accordante ASTM C39 (2010) to
investigate compressive strength under quasi-staiting using the Forney machine (FX-700)
with the capacity of 3600 kN available at the cetematerials laboratory of the University of
Alberta. The compressive strength test was perfdriatefour different ages to monitor the
strength gain trend versus time. The test arrangemeshown in Figure 4-7. The loading rate
was kept constant for all samples at 2 MPa/s. Tepeeimens were tested for each mix design

and the average of the three results was usetkindesscussions.
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Fig. 4-7 Compressive strength test machine

4-2-4 Density, Absorption, and Voids in Hardened Cacrete (ASTM C642)

For measuring the voids and absorption of the madeconcrete samples, the ASTM
C642 (2006) standard test method was used. A balamater bath, and container suitable for
immersing the specimen are needed for performiegtéist. Figure 4-8 shows the equipment

required for this test.
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Fig. 4-8 Equipments for the ASTM C642 standard test

This paragraph explains the steps of the test droee After the cylindrical 75mm x
150mm samples were cured in the curing room for réwuired time (for each mix, three
different ages were chosen for the ASTM C642 tdbtge samples were removed from the

curing room and put into an oven at 1@ for 24 hours. The dried samples were taken fitzen

oven and put on the cabinet to cool for about 30uteis. The samples were then weighdg) (

using a balance with an accuracy within 0.01 grarhe samples were submerged in the water
tank for 24 hours. It should be noted that if waamples were put in the tank, they might crack,
so they were allowed to cool first for 4 hours. &f24 hours, the samples were removed from
the water tank and their surface was dried withtapep towel to obtain a saturated surface dry
(SSD) condition. The weightMp) of the SSD samples was measured. In the next gtep

samples were put into a water bath with boilingen&br 5 hours. The total time that the samples

were in the water bath was about six and half haaduding 90 minutes for heating up the
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water (inside the water bath) and five hours formmag the samples in the boiling water. The

samples were removed from the boiling water antlitethe laboratory environment (on the

cabinet) for 12 hours. The weight of the samples weeasuredM.). On the same day, the

apparent weight of each samphMy| was measured by immersing the samples in therwateg

a basket that had been installed to the balandeanidd. Using the measured weighik, (0 My)

and the equations from the ASTM C642 standard nesthod (2006), the absorption after

immersion, the absorption after immersion and hgilithe bulk density, the bulk density after

immersion, the bulk density after immersion andibgj the apparent density, and the volume of

permeable voids can be calculated. Following eqnatiwere used for measuring these

parameters.

Absorption after immersioan’\A_—M""x 1(

a

Absroption after immersion and boilingﬂ%xmo

a

c d

Bulk density :ML'O =0,

Bulk density after immersionK—AM—bp

c d

Bulk density after immersion and boilng,\—/l-M%Mp
c d

a d

Apparent density =MM—"‘,0 =0,

Volume of permeable voids 22— % x 1
9,
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where:

M, = mass of oven-dried sample in air, g

My = mass of surface-dry sample in air after immersipn

M. = mass of surface-dry sample in air after immersind boiling, g
Mgy = apparent mass of sample in water after immemnzhboiling, g
o: = bulk density, dry (Mg/ff) and

g. = apparent density (Mgfin

p= density of water (1Mg/f)

4-2-5 Image Analysis of Cementitious Materials

The image analysis technique requires several staph are described in the following
paragraphs. However, sample preparation is coresider be one of the most important tasks in
the image analysis process. Any lack of stringandpis step may drastically affect the results
of image analysis. Different sample preparationhods have been developed over the years.
The most common sample preparation methods fanthge analysis technique are summarized

here:

Kunhanandan Nambiar and Ramamurthy (2007)

[ —
1

Polish the specimens to attain a surface on wtiehboundaries of the air voids and

matrix are sharp and easily distinguishable

N
]

Place the specimens in the oven’(&) until the surface moisture evaporates

w
1

Cover the specimens with black ink using a permamamker

P

Spread white talc powder on the surface
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5- Wipe away excess powder leaving only the powdekeainto the air void

Zhang et al. (2005)

=
1

Saw the samples using a diamond blade
Polish the samples with silicon carbide and alummmoxide abrasives with successive
use of finer grits through the process

Paint surface black with a water-based washablet paid dry in oven (150C) for five

minutes

Fill surface voids with white zinc oxide paste bggsing the paste across the surface of
the specimen

Place the specimen in a refrigerator for a periotOomin to solidify the zinc oxide paste
Wipe off the excess solidified paste from the stefasing a flat wood ruler and delicate

task wipe

Pleau et al. (2001)

Use silicon carbide to polish the specimens
Fill void with white ink under vacuum in the vacuwiamber
Clean surfaces with an alcohol impregnated sothcto that the voids remain white and

will return to its original condition.

Zalocha and Kasperkieiwicz (2005)

1-

2-

3-

Cut, grind and polish the specimen with help of 8alishing powders
Colour the surface with a blue water-resistant mark

Fill voids with zinc paste
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4- Clean surplus paste using paraffin oil

In this study, the traditional resin epoxy-impregmbmethod (Sahu et al. 2004) and an inked
method (Toumi and Resheidat 2010) were used toapeejhe samples for the image analysis
method. The common applications of the epoxy-impatgd method can be listed as study of
microstructure of cement-based materials, evaloaifacrack system and determining the water-
cement ratio of the hardened concrete (Badger. 208ll). The inked method is commonly used
to evaluate the air-void characteristics of centm#ed materials. The epoxy-impregnated
method is explained first: After the concrete wastcit was cured in a humid room for 60 days
followed by curing in the laboratory environment émother 60 days. In the next step, a 20 mm
thick disk was cut from each sample and a cubéaheh side was extracted from the disk using
a diamond saw. The cube was put into an oven &t@@6r 24 hours. For damage protection of
any voids inside the concrete during the subseqgimding, a resin epoxy-impregnated process
was carefully performed. Running a vacuum vesseicdefor 15 minutes, the epoxy resin that
was made by mixing a resin (specific gravity of4lahd viscosity of 500 mPas) and a hardener
penetrated to the whole cube body. After keeping ithpregnated cube in the laboratory
environment for another 24 hours, the specimeng \pelished with 600# silicon carbide with
the wheel grinder. More polishing was performechvi® and 10 micron aluminum powder on a
glass plate. The sample preparation equipment &mok sncluding concrete in a container
containing epoxy, vacuum vessel, grinding withcsifi carbide, polishing with aluminum
powder and final prepared sample are shown in Egyu-9a, 4-9b, 4-9c, 4-9d and 4-9e,

respectively.
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- *Wheel
\ grinder

e)

Fig. 4-9 Image analysis sample preparation a) @edn a container containing epoxy; b)
vacuum vessel; c) grinding with silicon carbidepd)ishing with aluminum powder; e) final

prepared sample

In the inked preparation method, after the concveds cast, it was cured in a humid
room for 60 days followed by curing in the laborgtenvironment for another 60 days. In the

next step, a 20 mm thick disk was cut from each mEarameter sample and a cube of 20 mm
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sidewas extracted from the di using a diamond saw. The cube was put artoven at 105C

for 24 hours.These steps are exactly the same as the -impregnated methodn the next
step, instead of injecting epoxy inside the samphes surface of the samplwas covered with
an oil-based black colouThis step could be done either a thick permamé merker or a spray
colour (Figure 4-10a)Then, thecoloured samples were allowed to dry for 30 minutes. rA3@

minutes,a zinc oxide cream was gly applied on the surface of tleencrete bythe pressure of
a finger. The excess material was removdth a soft fabric. The white creapenetrated the
holes and voids. Since the background of the serfeas black, the white holewere easily
distinguishablewvith an optical microscop(The samples prepared with inked met are shown

in Figure 4-10b.

()

(a)

Fig. 4-10a) Painting the surface of concrete; b) Samplesgresl by inked meth:

In the following sentences, the precision of théhljareparation samples are discus:
This author believes that the inked samples promidee reliable and accuratesults compared

to the epoxy ones based on the following discussibitst, in the epo-impregnated techniqu

(S
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the penetration of epoxy through the whole sampkes always been subject to question. It is
impossible to be sure whether the epoxy penetthteagh all voids inside a sample. Epoxy may
not be able to completely penetrate to the impebheeand dense concrete. Secondly, the light
colour of epoxy which is supposed to fill the voiaskes it difficult to be distinguished by an
image analysis software from the remaining partcafcrete which are mostly light gray.
Meanwhile, one should be aware of errors whichitlkepreparation technique may also bring.
Covering the surface of a sample in this method magduce errors. If a permanent marker is
used, the edges of the marker put traces on th@lsawhich disrupts the uniformity of the
marked surface. If a spray colour is used, it magegate bubbles on the surface that may be
mistakably considered as the air voids of concrete.

The advantages and disadvantages of these two esamggaration techniques have been
subject to debates. Jana (2006) performed a compsete literature review on different sample
preparation techniques. He investigated 20 samppapation techniques including the epoxy-
impregnated method. He concluded that in concretgaming fly ash, air bubbles cannot get
impregnated with epoxy. Jana (2006) also conclutiedl the inked samples can be used for
measuring the air-void characteristics of concretiag image analysis. He described a method
to increase the contrast between the air void Bagtirrounding matrix where using this method
leads to more accurate results. Several resear¢Reisert and Scali 1987, Chatterjii and
Gudmundsson 1977, Laurencot et al. 1992, Pade 20@2) also implemented the inked samples
(white filling materials were used to highlight tlaér voids against the dark background of
surrounding matrix) to evaluate the air-void ch&ggastics where they were confident from the
obtained results. Soroushian et al. (2003) showatithe epoxy-impregnated sample does not

generally yield crisp boundaries and sharp contledttveen air voids versus the body of
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concrete. Attempts to improve upon this drawbackewefeated. For instance, a technique was
also suggested to improve the conventional epoxyregnation technique using fluorescent and
ethanol solution (Soroushian et al. 2003). Althotigis technique shows promising results, it
involves time-consuming immersion of concrete specis in fluorescent and ethanol solution
for several days, and its application is limitedhe research reported (Soroushian et al. 2003).
The size of sample whether it is obtained by thexgpmpregnated method or inked
method also plays an important role in the accumicyhe results. Smaller samples may be
appropriate when the mortar or paste samples djectad to test. However, when a concrete
sample is tested, a larger cross section areajisregl since a significant portion of the cross
section is occupied by aggregate. Jana (2006) shothat for examining the air-void
characteristics of a concrete containing 19-25 nominal maximum size aggregate, a cross
section area of at least 7700 fis needed. He also believed that a 27X47 mm seatiay be
adequate for characterization of a cement sampgien@t al. (2002) used a cylindrical sample
with the diameter of 24 mm and height of 15 mmrf@asuring the microstructure of paste (not
concrete) using an optical microscope. They alsedua mortar (not concrete) sample of
20X20X15 mm to measure its microstructure. Thusyadng the coarse aggregate from the
concrete sample is another task that can be cossdide generate more accurate results. In the
image analysis process higher number of phasesamtkhfficult for a person to distinguish
them. By removing the coarse aggregates, the egipthases are narrowed down to two phases
(cement paste and void) which makes the analysgreand reliable (although voids at the
interfacial transition zone may be eliminated bsnoging the aggregates which may affect the

reliability).
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For both epoxy-impregnated and inked samples, amNBXM1200 digital microscopy
camera was used to capture coloured digital imaggsthe magnifications of X60 and X100. A
magnification in the range of 50 to 100 is the mastepted magnification in the field of
concrete air void investigation through the opticaicroscope (Schutter 2002). A higher
magnification causes a loss of the larger voiddenvhilower one leads to missing smaller pores.
The digital microscopy camera used is designeglfamtography through the microscope. This
system provides high quality photo-realistic RGBji®@il imaging at a resolution of up to 12
million pixels with low noise, and high sensitivilpmpared to other types of digital microscopy
camera as per the manufacturer. Images were cdgdiyrthe microscope at 3840 x 3072 pixels.

Figure 4-11 shows the microscope used in this study

DXM 1200

Nikon Eclipse —Camera

E-800 Microscope
Equipped for Digital
Photomicrography '—1

Halogen
’ Iliumir‘latnr

Eyepieces |
Computer I -

Tungsten
lluminator

Fig. 4-11 The optical microscope used in this study
(Nikon Microscopy as of September™8011)

Images of the inked and epoxy prepared samplesnigr A20FOP captured by the
microscope are shown in Figures 4-12a and 4-1ZXpectively. It should be noted that the
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captured images did not include any scale. Scatee wanually defined for each image using
the calibrated ruler provided by the manufactuseale bars were added to the bottom right hand
corner of all images. Figure 4-13 shows the caldatauler used for setting the scale of the

images.

Fig. 4-12 Optical images of A20FOP samples prephyetthe

a) inked; b) epoxy- impregnated method
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Fig. 4-13 Calibrated ruler used for setting imagale

Recommended (Nemati 2009) ImageJ open source geft(ymage Processing and
Analysis in Java as of Septembef"2D11) was employed due to its ease of accessobase
and accurate analysis. The ImageJ software workiseinlava environment. Figure 4-14 shows

the interface of the software.

The first step in the image analysis process iresduthanging the digital image from the
RGB format to the 8 bit, 256 gray scale formatlaes goftware can only analyze the gray scale
photos. Figure 4-15 shows the typical gray scalenéd of photos taken at two different
magnifications. A sample histogram obtained forcgpen 20FOP is shown in Figure 4-16. The
minimum, maximum, and mean gray scale values of Hillion pixels are 0, 255 and 133,

respectively.
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Analyze Particles...
Summarize
Distribution .
Label

Clear Results

Set Measurements...

Set Scale
Calibrate

Histogram Ctri+H
Plot Profile Ctri+K
Surface Plot...

Gels

Fig. 4-14 Interface of ImageJ software

Fig. 4-15 Optical images at two different magnifioas
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|
o 255

Fig. 4-16 Gray scale value distribution

After the scale of the photo was set, a threshaldesof the gray scale was assigned to
distinguish voids from aggregate and paste. Dejitive threshold value is the most complicated
and important part of the image analysis technidueere are several methods to calculate the
threshold value automatically including Otsu, YeMpments, and Triangle (Kwon 2004).
However, none of these methods accurately estinthéethreshold value for the samples since
three phases (matrix, aggregate, void) exist i éaage. A trial and error method was applied
to find the best threshold value by comparing tize ®f some voids in the original and the
adjusted image. Using a drawing tool provided bg #oftware, an area approximately
3000x2500 pixels was electronically drawn on thagm as the zone of interest. This area was
selected in the most homogeneous part of the surfasing the ImageJ software, the histogram
and particle properties (including area and diametethe zone of interest were obtained. These
measurements were automatically done using toadwiged by the software. Imaged can
calculate and displays a grey level histogram ofnaage defined by the region of interest. To
calculate/display the histogram, the Analyze/Hishng tab was selected. In the histogram
window the x-axis represents the gray values ardythxis shows the number of pixels found
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for each gray value. The total pixel count, the mesitandard deviation were also calculated
using the same tool. The properties of particlesevadso determined using the Analyze/Analyze

particle tab.

By putting size distribution data into the followirequations (Powers 1949), the most
important characteristics of the air void in conereere calculated. The spacing factor equations

were provided by Powers (1949).

A=Y x100 Eq. 4-9
Vv
n x
C)f::l'_6><Z:'—ct2
7o 2.nxd Eq. 4-10

where,n; denotes the number of voids with a particular wdigimeterd; andA, V, V, a are the

air void content, volume of selected zone, volunieaim voids and specific surface area,

respectively.

L :Ex[1_4x (E+ 1°#-1] if Ez 4.3:
a A A

Eq. 4-11
L :i I-E < 33
ahn A Eq. 4-12
SHF:4ﬂ2 Eq. 4-13
x)

where,P represents the volume of paste in the compostlefday , y , L andSHF are the air

void content, area and perimeter of voids, spafaontpr and shape factor, respectively. Based on

the binder and water content, the volume of pastalf mixes was considered as 0.3. It should
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be noted that the shape factor for a circle eqoaks, becoming larger or smaller for other
shapes. The closer the shape factor to unity the mccurate are the results of image analysis

(Kunhanandan Nambiar and Ramamurthy 2007).

4-3 SUMMARY

In the current chapter, the experimental prograciuging material properties, mix
proportions, specimen preparation and test proesd(for the foam index test, air content and
density of fresh concrete, compressive strengtlfM&642 and image analysis method) were
explained. In the next chapter, the results of ¢éxperiments are presented, analyzed and

elaborately discussed.
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CHAPTER 5- RESULTS AND DISCUSSION

In this chapter the results of the tests which Haeen described in Chapter 4 are shown.
The results of Series 1, 2 and 3 are explainedraggha in Sections 5-1, 5-2 and 5-3,
respectively. The comparison between the resultsese series is discussed in Section 5-4.

Before presenting the results of each series, ékalts of the foam index test are first
discussed. The results show that the foam ind0ajrams fly ash (Class F) with 0, 2.5 and 5%
PAC are 49, 41 and 30 ml, respectively. Howeveeyious research by Kulaots et al. (2003)
shows that the foam index values for 20-gram flly samples could vary from 3 ml to 36 ml,
which is lower compared to the results of this gtuthe lower numbers from Kulaots et al.
(2003) can be attributed to the lack of additiocedbon (PAC or other types) added to fly ash.
As a result, stable foams were more easily createdpared to fly ash containing PAC. A
decrease in the foam index with an increase iPHh€ content is against other results described
in this chapter later. As mentioned earlier, tiisttmethod is highly dependent on the operator
(Zhang and Nelson 2007). The results are inconausince one expects the foam index to
increase with the addition of PAC. One may blaneelthw accuracy of the foam index test (due
to the visual concept of the test which makes ibp@rator based test) for the unexpected results.
It is worth emphasizing that the results of thenfoamdex is highly dependent to the operator,
therefore, one operator may report different foadekes when performing the foam index test
for the same materials and conditions at diffetenés. Also, the foam index results of Genesee
fly ash showed the range of 4-6 drops which vadedending on the samples of fly ash taken
over 7 months (AMEC 2010). Each month, the poweanptested its fly ash and reported the
foam index results. As explained in Chapter 4, eat®n 4-1-2, PAC was introduced to the flue

gas at the Genesee power plant at a dosage asasn2¥ by weight of fly ash to reduce
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mercury emissions. In this investigation becauseattual concrete was cast and its air-void
structure was measured both directly (using imaggdyais) and indirectly (via the ASTM C642

standard test method), the results of the foamxitelsts were not estimated any further.

5-1 RESULTS OF SERIES #1

In this section the fresh and hardened propertieSevies #1 which include the compressive
strength, density, absorption, air void contengcapg factor, specific surface area and shape
factor are described. All individual results argtdd in Appendix #1 while the average data is

reported in the main text.

5-1-1 Properties of Fresh Concrete

The air void content of fresh concrete is shownFigure 5-1 with each data point
representing the average of three samples. Theoaircontent and the coefficient of variation
(C.0.V.) were in the range of 1.3% to 3.3% and 0@720.4%, respectively. This range is
typical of normal concrete not containing any aitraining admixture (Mohammed and Fang
2011). From looking at Figure 5-1, a decrease & dlv void content of the fresh mix was
generally observed with an increase in the fly @shtent. However, in the absence of any AEA,
different percentages of PAC contained in the flly did not reveal any perceptible influence on
the fresh air void content. Such low air void comitef concrete containing no AEA was also
reported by Lomboy and Wang (2009) where the ttavoid content of concrete varied in the

range of 0.2-2.4%.
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Fig. 5-1 Fresh air void content of Series #1

The fresh concrete density was obtained for aliii@es by taking the average three
observations. The variation in the densitythe mixes is shown in Figure 5-Zhe mixes wer:
designed to reach target density of 235kg/m®, and it is clear that there was no signific
difference between the densitias the volume percentages of fly ash and PAC cld. Zain et
al. (1999) showed that the density of concrete (¥0/35 and 0.5) ccaining 10% fly ash varie
in the range of 2362-2365 kgimvhich is very close to the fresh density of coremitained ir

this study.The C.O.V. of the fresh density alvaried from 0.0 % to 0.9 %.
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Fig. 5-2 Density of fresh concrete

5-1-2 Compressive Strength

The compressive strength developrs for the mixegontaining 10%, 20% and 30fly
ash are shown in Figures3a, -3b and 5-3c, respectivelythe C.O.V. of the compressi
strength at 7, 28 and 60 days varies fron% to 8.5%, 0.5% to 8.2%nd 2.9% to 14.6%,
respectively. As expectethe strength increases with aA higher volume ofly ash resulted ii
a lower compressive strength at the earlier eSimilar reduction of the compressive strengtl
early ages with an increase in thy ash percentages was concludedPaja et al. (2007 A
higher content of PAC letb a perceptible decrease in the compressive sh of higher fly ash
volume percentages (30%)nAncrease in the age of the concrete (contairijngsh and PAC
led toan increase in the compressive strength at ragesatke typical for conventional concre
For example, the compressive strength of mix 3((30% fly ash and 4% PA(at 60 days was
more than twaimes its strength eseven days. Also, the amount of PAGd no significan
effect on the eampressive strength of concr for lower quantities of fly asfl0% and 20%).
Although other researchers noticed deterioratiothéncompressive strength due to the pres
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of unburnt carbon (Lomboy and Wang 2009), the preseudy shows that adding up to 5%
powdered activated carbon may influence the comsprestrength only for the series containing
the highest fly ash substitution, in this case, 30paveight of cement. This discrepancy came
from the fact that the properties of PAC and unbaarbon are different (they can be classified
as two distinct materials regarding their physidatinctions). According to Hsieh and Tsai
(2003), unburnt carbon consists of 73-91% carbdb,12.5% volatile content, 0.7-1.9% water
content and 5-19% ash content. They also showedhbasize, specific surface area and pore
size of unburnt carbon particles are 1-100 microh6;33 nf/g and 0.02-10 microns,
respectively. Its apparent density was also refoae 0.15 g/ci(Hsieh and Tsai, 2003). The
properties (specific surface and pore size distion) of PAC used in this study are shown in
Section 4-1-1, showing different physical charastms compared to unburnt carbon explained
earlier in this paragraph. In addition, a highercpatage of PAC does not proportionally lead to
a higher unburnt carbon content. Therefore, one acagpt that the effect of unburnt carbon and
PAC on the compressive strength of concrete catiffe¥ent. This is seen clearly in Figure 5-4,
where at 28 days a higher dosage of PAC led tavarlstrength, but only in the mixes with a
higher content of fly ash. The same conclusion vegorted by Lockert et al. (2005). Their
results showed that the addition of a brominatesldased activated carbon at either 1 % or 3 %
had no significant effect on the 7 day, 14 day,28rday compressive strength of concrete
containing up to 20% fly ash. This type of PAC offexceptional performance as a mercury
sorbent while at the same time having a minimatafon AEA (Lockert et al. 2005). Typical
properties of this brominated powered activatedaarwere reported as the following values:
moisture= 8%, lodine number> 500 mg/g, tapped Hieksity= 35 Ibs/ftand bromine=7%

(Albermarle as of 28 April 2011).
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Fig. 5-4 Effect of PAC content on the compressivergyth of concrete at 28 days, for increasing

fly ash substitution of Portland cement

The similarity between the compressive strengthultesof the current study and one
performed by Lockert et al. (2005) are understalejabith the only main difference of the
powdered activated carbons used in both studiegylibe bromine content. Recall that Lockert
et al. (2005) used a higher bromine content powtlexetivated carbon. In other words,
comparing the results of these two studies, one ¢cnaglude that the bromine did not affect the
compressive strength of concrete. The results othan study performed by Larrimore et al.
(2008) confirmed that addition of bromine to flyhadsas no effect on the compressive strength of

concrete made with the contained fly ash at 34728 and 56 days.

5-1-3 Density, Absorption and Volume of Permeable &ds in Hardened Concrete

As mentioned earlier, the 75 mm x 150 mm cylindeese immersed in a boiling water

bath as per the ASTM C642 (2006), and the resudltth® volume of permeable voids for
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concrete containing 10%, 20% and 30% fly ash amvehin Figures 5-5a, 5-5b and 5-5c,
respectively. The volume of permeable voids forheat the mixes was averaged over three
specimens. The C.0O.V. of the volume of permeabldsvat 7, 14, 28 and 60 days varies from
0.05% to 1.56%, 0.07% to 0.55%, 0.05% to 9.79% @arid% to 3.02%, respectively. As
expected, the results show that the void volumeedses with age for all levels of fly ash
substitution (i.e., 10, 20 and 30% by weight oftRoid cement). For example, the total volume
of permeable voids for mix 30F2P decreased by 5&¥h the 7' to the 68' day. However, the
rate of this decrease was not constant for diffel@rels of PAC in fly ash and varied with the
amount of fly ash. Crouch et al. (2007) showed #maincrease in the age of concrete decreased
the permeable void volume for 20-50% fly ash rephaent. In the present study, the effect of
PAC on the permeable void volume of concrete was alwvious. In the case of mixes
incorporating 10% fly ash, the results show considie scatter making it difficult to find a
specific trend for permeable void volume as infleesth by the PAC percentage. Surprisingly, a
higher level of PAC led to a 30% increase in thkine of permeable voids in the presence of
the high fly ash replacement of cement. The authoed difficulty in justifying this result.
However, the author believes that a higher PAC exdinindicated a higher content of porous
materials inside the mixes wherein these porousnadd finally led to a higher volume of
permeable voids. Osbaeck and Smith (1985) repdiniadfly ash can affect the air void content
of concrete by increasing the pore volume of a arattie to its inherent porosity. With lower fly
ash content, the effect of hydrated cement, whatrehses the porosity of concrete, dominated
the effect of PAC. Meanwhile, with high fly ash ¢ent, regarding the shortage of cement as

well as cement hydration products, the high poyositPAC material controlled the porosity of
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the whole system which led to an increase in thiemae of permeable voids. This increase

affects the durability of concrete and should tfaeebe considered.

As seen in Figure 5-6 for specimens tested ata38, the mixes containing 30% fly ash
reveal that an increase in the percentage of PAffacted in fly ash leads to an increase in the
volume of permeable voids. In the mix containing@fly ash, the permeable void volume
increased up to a PAC dosage of 2%. Beyond 2%ciedse in the permeable void volume was
observed. However, since the volume of permeabidsvio 30F1P (30% fly ash and 1% PAC)
was smaller than that in 30F2P after 28 days, timepcessive strength of the former was higher,
which is in agreement with the behaviour of conimrdl concrete. Ramezanianpour and
Malhotra (1995) showed that concrete containing 2§%ash had lower permeability and lower
porosity compared to the plain concrete. That amich is in agreement with the results
presented in this study where, at all ages, coa@@ttaining 20% fly ash showed lower volume

of permeable voids compared to the control mix authfly ash (OFOP).

The bulk density, bulk density after immersion,lkbdénsity after immersion and boiling,
absorption after immersion, absorption after imnogrsand boiling and apparent density for
mixes containing 10% fly ash are shown in Figuregab5-7b, 5-7c, 5-7d, 5-7e and 5-7f,
respectively. The results of the ASTM C642 (200&gt tfor mixes containing 10% fly ash
replacement show no trend with different percerdagfePAC and the age of the concrete. Since
the results of mixes containing 10% fly ash weraadt identical, for example the results of the
bulk density after immersion and boiling, it is fadi@ilt to find a relationship between them.
However, it is generally noted that the apparemsdg of concrete decreases with age. This
generalization was also reported for the ordinawytl&nhd cement concrete (Apaydin 2010). A

decrease in the results of absorption after immarrand boiling with an increase in the curing
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time can also be observed. Apaydin (2010) also sdaat the absorption after immersion and
boiling of ordinary concrete decreases with agee $ame conclusion (apart from 10FOP and

10F2P) can be also found for the results of themibien after immersion.
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Fig. 5-6 Effect of PAC on the volume of permealdéds in concrete after 28 days

The bulk density, bulk density after immersion,kbdénsity after immersion and boiling,
absorption after immersion, absorption after imnogrsand boiling and apparent density for
mixes containing 20% fly ash are also shown in Fegub-8a, 5-8b, 5-8c, 5-8d, 5-8e and 5-8f,
respectively. The results of the mixes containi®§o2fly ash replacement show that the bulk
densities of concrete (bulk density-dry, bulk dgngifter immersion and bulk density after
immersion and boiling) increased with the age ef¢bncrete. Generally speaking, the apparent
density decreased with the age of the concretalasito the 10% fly ash replacement mixes.
However, it should be noted that the change inbtlk and apparent densities (as indicators of
durability) as noted in this study cannot influertbe durability of concrete due to their low
values. Amer et al. (2008) showed that the massdbsoller compacted concrete samples in the
freeze and thaw test remains the same with thegehahunit weight. There are few published

data available which address the results of bulksie-dry, bulk density after immersion and
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bulk density after immersion and boiling. Crouchakt(2007) used the ASTM C642 standard
test method to determine the air-void charactessdif concrete. They found that the absorption
of concrete containing 20% Class F fly ash is alntosistant after 180 days. The results of the
present study, shown in Figure 5-8, also showtti@atbsorption of most mixes containing 20%

fly ash remains constant after 60 days.
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Fig. 5-7 ASTM C642 test results: 10 % fly ash replaent. Effect of curing time on a) bulk
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absorption after immersion; e) absorption after arsion and boiling; f) apparent density
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The bulk density, bulk density after immersion,kbdénsity after immersion and boiling,
absorption after immersion, absorption after imnogrsand boiling, and apparent density for
mixes containing 30% fly ash are also shown in f@gub-9a, 5-9b, 5-9¢, 5-9d, 5-9e and 5-9f,
respectively. The results of mixes containing 309@kh replacement show that the absorption
of concrete decreased with age. Crouch et al. (R@®@rnhd that the absorption of concrete
containing 25% Class C fly ash decreases by 14%8@tdays. The results show that the bulk
density after immersion for all mixes with diffeteBAC contents at different ages was in the
narrow range of 2.29-2.36 Mg/mThe results of the bulk density, dry, also skomarrow range
of values. The same conclusion can be drawn fobthie density after immersion and boiling.
However, no specific trend could be found for thparent density with 30% fly ash replacement
of cement. The author believes that since the gabfeapparent density were quite close, the
trend between the PAC content and apparent deaisdifferent ages was therefore unclear. Put
differently, the errors generated during the testenhigher compared to the effect of the PAC
content; this led to the scattering. Again, it ddobe noted that the values of the apparent
density lay in a tight range where the different@sotop and bottom is less than 7%. Parande et
al. (2011) investigated the micro structural préieerof concrete containing fly ash at 0, 5, 10,
15, 20, 25, 30 and 35% replacement. They showeadltfiarent amounts of fly ash (or in other
words different amounts of unburnt carbon) contaidees not affect the bulk density-dry, bulk
density after immersion and bulk density after imsi@n and boiling. In their study, the bulk
density-dry, bulk density after immersion and bdéasity after immersion and boiling varied at
2.23-2.38, 2.29-2.49 and 2.236-2.60 Mg/mespectively. Nevertheless, it is worth restatimaf

the unburnt carbon and PAC are physically differeaé Section 5-1-2.
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Fig. 5-9 ASTM C642 test results: 30 % fly ash replaent. Effect of curing time on a) bulk
density dry; b) bulk density after immersion; cJkdensity after immersion and boiling; d)

absorption after immersion; e) absorption after grsion and boiling; f) apparent density
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By comparing the fresh and hardened air void cdrdats, it can be concluded that the
volume of permeable voids in hardened concretafgrmix was about three times the air void
content of the corresponding fresh concrete. Wiateearchers rely on fresh air void content to
estimate the freeze-thaw resistance of concretdézg6eand Auberg 1995), the present
investigation indicates that the air-void netwofknmature concrete should also be assessed by
other methods in order to better predict the frebagv resistance. This is especially so when
adsorbents such as PAC are present in the mix giecadsorbent affects the porosity over time.
Figure 5-5 shows how the porosity of concrete dairtg different percentages of PAC changed

with age.

Note that the air void content of fresh concrets wanerally low for the mixes in Series
#1 as was shown in Section 5-1-1. Air entrainediatulme was not deliberately used in order to
allow for the identification of the influence of EAalone on the air-void system, since only
limited data was available in the literature (Gbtlg et al. 2008). However, in practice the
porosity of fresh and hardened concrete may betaffeby the interaction between the powdered
activated carbon and the air entraining admixtline increase in the volume of permeable voids
that was observed with an increase in the PAC obrated associated with higher levels of fly
ash is curious as this behaviour is contrary totwhkaseen in the presence of air entrainers
(Nkinamubanzi et al. 2003). In what follows (Sens 5-2 and 5-3), air entrainers were added to
yield Series #2 and #3 to investigate their pogtrititeraction and consequent effects on the

rheology, strength and air-void network of concrete
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5-1-4 Image Analysis

Figure 5-10 and 5-11 show the air-void distributaomd shape factor distribution for the

20F0P sample, respectively.
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5-1-4-1 The observation on epoxy-impregnated sasnple

Table 5-1 shows the air void content, specificfaae area, spacing factor and shape
factor of the epoxy-preparation samples obtainethfimage analysis process at both 60X and
100X magnifications. The image analysis was peréatnonly on the selected samples

containing 0, 2 and 5% PAC.

Table 5-1 Image analysis results of the epoxy-igpated samples

c Sample ID

S

8 OFOP 10FOP 10F2P10F5P 20FOP 20F2P 20F5P30FOP 30F2P 30F5P
E

o

©

e

60 052 1.20 1.18 1.18 1.18 1.12 1.80 1.06 1.87 1.00

Air void
content (%) 100 096 1.66 120 130 1.89 133 181 152 1093 1.26

Specific 60 056 053 054 044 045 036 033 0.63 0.50 042

surface
(1/micron) 100 053 047 034 0.66 0.28 0.37 069 026 033 031

Spacing 60 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02

factor (Mm) 190 002 002 003 001 003 002 001 003 002 003

Mean shape 60 112 1.16 1.08 1.09 1.12 111 112 114 114 111

factor 100 113 104 118 100 103 099 114 103 110 115

The results of the image analysis compared atrdifitemagnifications show different
specific surface area and air void content whifeilair results are obtained for spacing factors,

regardless of magnification. The mean ratios of Xadd X60 magnification for the air void
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content, specific surface and spacing factor we28,10.95 and 1.15, respectively. It was also
found that both magnifications provide the samegysHhactor. Put otherwise, one may conclude
that use of different magnifications (say X60 antiOB) in the image analysis method cannot
change the results of shape factor. In the follgwionly the results of X60 magnification are
discussed here as a higher magnification cann@ateall voids. This is especially true in the

case of images taken from the epoxy-impregnategblesmn

The results show that the air void content of alhples (except for the reference) was
approximately equal and low compared to the typaalvoid content of concrete containing
AEA. This is a reasonable finding since no air-aiming admixtures have been used in Series
#1. A low air void content usually raises conceregarding the low freeze-thaw resistance of
concrete. Meanwhile, the results also indicate #ihtspacing factors are smaller than the
maximum 230 micron spacing factor defined by th@ddkan code, CAN/CSA A 23.1 (2000)
needed for satisfying the freeze and thaw resistalfigure 5-12 shows a comparison of the air

void content obtained by both experimental measarérand image analysis.

It can be concluded that the fresh air void andneable void content of all the mixes
(except 30F2P obtained from ASTM C231-2009) ardnémighan the air void content obtained
from the image analysis. This result could be latted to the longer curing period for samples
evaluated by image analysis. Although Giergicznyalet(2009) by implementing the image
analysis technique showed that an increase inupplementary cementing material decreases
the total volume of permeable voids, a similar drefid not appear in this investigation. The
author believes that the lower volume of permealoliels was not obtained at higher fly ash
contents in this study as this parameter was medstrearly ages. Therefore, fly ash could not

completely react with the calcium hydroxide of cem@aste to form a denser structure.
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Saricimen et al. (2000) also reported that thengutime affects the volume of permeable vc
of concrete containing fly ash. They showed thatwblumeof permeable voids decreases v

the curing time.

ASTM CE42-hardened concrete

Air void content (%)

i I 1]

OFOP lE-FIZ-F'/l-.'IFEF‘\ LOFSP  20FOP  20F2P 20FSP 30FOP  30F2P  30FSP
Dimage analysis WASTM C231

Mix ID

Fig. 5-12 Comparison of thar void conter of concrete through testSTM C231, ASTM C642

and image analysis

Figure 5-13 showshe changes of specific surface area against PACepegesA
decrease in the specifsurface area of concrete duean increase IPAC indicates that carbc

in fly ash has a detrimental effect on the smalilides.
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Figure 5-14 shows the effect of PAC on the spataetpr of concrete. The trend remains
the same in concrete containing 10% and 30 % fthy Ber 20% replacement, the spacing factor
trend does not follow other replacements. Genesadaking, it is difficult to measure the low
spacing factors of mixes. The relatively small ssaenple (cross section area= 500 Inmsed
for the image analysis could be the source of m@wmy in the results when large coarse
aggregate was used in the mixes. As mentioned ¢tidhe4-2-5, Jana (2006) showed that for
examining the air-void characteristics of a corentaining 19-25 mm nominal maximum size
aggregate, a cross section area of at least 7700isrmeeded. He also believed that a 27mm X
47mm section would be adequate for the charactenmzaf a cement sample. Chen et al. (2002)
used a cylindrical sample with a diameter of 24 @mad height of 15 mm for measuring the

microstructure of paste (not concrete) using afcapimicroscope. They also used a mortar (not
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concrete) sample of 20mm X 20mm X 15 mm to measisremicrostructure. Toumi and
Resheidat (2010) used a cube sample with a 50 mentgiassess (using a flatbed scanner) the
air-void characteristics of concrete containingreeaaggregate (maximum aggregate size=12.5
mm). Again, it should be noted that in the currstutdy, concrete containing coarse aggregate
(maximum size of 12 mm) was cast and tested. Onearpect that a larger sample would be
required for concrete samples when their microstires needed to be measured. Nonetheless,
the size of the samples in this study was limitedarding to instrument and equipment
restraints. The author believes that if each side cube sample is up to 3 times larger than the
maximum aggregate size, the sample can be condittarexamining the air-void characteristics
(Jana 2006). This conclusion was drawn based oa’slatudy (2006) showing that for a
maximum aggregate size of 19-25 mm, a minimum csession area of 7700 nfmwvhich is
equivalent to a 85 mm-side cube is needed. Thaxefor a concrete containing 12 mm coarse
aggregate, a cross section area of at least 130Disnracommended. It is worth restating that

the smaller size was chosen in this study regaringstrument and equipment restraints.
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Fig. 5-14 Effect of PAC on the spacing factor
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The mean shape factor of the mixes is summarizédgure 5-15. As mentioned before,
the shape factor indicates how close the holeBeo¥bids are to a sphere. The shape factor value
is equal to one for a perfect circle and is largerirregular voids (Kunhanandan Nambiar and
Ramamurthy 2007). The mean shape factor (the awexbghape factor for voids in the zone of
interest) of all mixes is below 1.16, meaning thadst voids inside the zone of interest were
close to a circular shape. The author believes tluster the shape factor to unity, the more
efficient the action of AEA as well as the more weate the results of the image analysis
(Kunhanandan Nambiar and Ramamurthy 2007). Pderdiitly, in this case there is no
interruption from other sources that leads to thaegation of a near-perfect spherical bubble.
Furthermore, a higher shape factor indicates tlesipoity of merging air voids, showing that
the air voids are not uniformly distributed. Itwsell known that air void distribution plays an
important role in the durability properties of cogte (Stutzman 1999). Toumi and Resheidat
(2010) showed that the air void distribution is afethe indicators needed to be considered.
Kunhanandan Nambiar and Ramamurthy (2007) showetdfoh foam concrete containing fly
ash, the median shape factor remains constanteirrathge of 1.10-1.23 which confirms the

results of the current study.
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Fig. 5-15 Effect of PAC on the mean shape factor

5-1-4-2 The observation on ink-prepared samples

Table 5-2 shows the air void content, specifidfasie area, spacing factor, and shape
factor of the ink-prepared samples obtained byirttegge analysis process in both 60X and 100X

magnifications.

91



Table 5-2 Image analysis results of the ink-preghaaamples

c

i

©

O Sample ID

=

5

g OFOP 10FOP10F2P 10F5P 20FOP 20F2P 20F5P 30FOP 30F2P 30F5P

60 0.40 286 297 2.62 164 241 051 0.58 0.44 0.41

Air void

V)
content (%) 100 034 282 242 176 062 159 019 032 020 024

Specific surfac 60 131 14 45 21 87 31 70 100 31 146
-1
(mm™) 100 262 11 58 55 162 42 133 166 230 190
Spacing factor 60 011 045 014 033 010 022 019 0.13 045 0.10
(mm) 100 006 059 012 0.15 0.08 020 0.15 0.10 0.08 0.10
Mean shape 60 070 096 069 0.77 068 072 062 063 067 0.72
factor 100 079 067 072 073 074 078 055 062 069 0.73

Again, the image analysis was only performed omiylee selected samples containing O,
2 and 5 percent PAC. The results of the ink-prepasmples show that the air void content of
samples measured with X60 magnification was higloenpared to the samples measured with
X100. Also, it is seen that the specific surfaceaanf X100 samples was higher compared to the
X60 ones. The results of the spacing factor weratieras in some cases the X100 images
showed a higher spacing factor, while in most c#sespacing factor of the X60 images had the
higher spacing factor. However, the results ofrtiean shape factor demonstrated that there is

no difference between the results of different nifacations. The effect of PAC on the spacing
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factor of concrete containing different percentagefly ash at X60 and X100 magnification is
shown in Figures 5-16a and 5-16b, respectively. f@selts of both magnifications, X60 and

X100, are presented in this figure.

070 | (a) 120 day —4— 10% fly ash
0.60 - .-+ 20% fly ash

050 - 30% fly ash

0.40
0.30

0.20

Spacing factor (mm)

0.10

0.00 T T T T T 1

0.70 - (b)

0.60

—o— 10% fly ash 120 days

0.50 - <ol -+ 20% fly ash

0.40 - 30 % fly ash
0.30 -

0.20 -

Spacing factor (mm)

D)
.
.
e
3
.
e
o®
o®
a®
v e
°

0.10

0.00 T

PAC (%)

Fig. 5-16 Effect of PAC on the spacing factor: &0Xb) X100

By looking at Figure 5-16, it is seen that for regipercentages of PAC the spacing factor

does not change. The results of the spacing fdotoX60 magnification were too scattered
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making them difficult to interpret. Cox and De Ex(R007) investigated the effect of fly ash on
the durability, microstructure and strength of aete. They showed that concrete containing
35% fly ash had a 16% lower spacing factor comptoehde plain concrete after 1 and 3 months.
There are few published reports to address theteffdow volume fly ash on the spacing factor
and specific surface area of concrete. Sabir anayiali (1991) showed that concrete with a
lower pozzolanic percentage has a lower spacingrfadthough the air void content remains
constant. Also, Giergiczny et al. (2009) demonsttahat the use of blended cement containing
30% slag resulted in a corruption of the air voistrtbution in hardened air-entrained concrete,
exhibited by an increase in the spacing factohefdir voids by about 100 microns. It is worth
restating that although the chemical propertie$lyofish and slag are different, the former is
likely to mimic the latter in corrupting the spagifactor. In other words, both fly ash and slag
show the same action on the spacing factor of vditis could be the reason why the scattered
results obtained in this study is in agreement watults found by Giergiczny et al. (2009). A
comparison of the results of the spacing factomshihat X60 magnification led to higher values

compared to X100.

The effect of PAC on the specific surface area ohcecete containing different
percentages of fly ash at X60 and X100 magnificai® shown in Figures 5-17a and 5-17b,
respectively. The results of both magnification§0Xand X100, are presented in this figure. At
both magnifications, the specific surface areaarsfcecete containing a higher fly ash percentage,
30%, was higher compared to other mixes. In a spetformed by Giergiczny et al. (2009) for
concrete mixes containing steel slag, the abovelasion was not achieved. They reported that
the replacement of cement by 30% slag decreasedpinafic surface area of voids by 10-11

mm™. This difference may likely be attributed to tHesence of PAC in their study. Also, it
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seems that the nature and the chemical properti#g ash and slag are different which led to

different results for the specific surface areautiftothey have a similar impact on the spacing
factor. The author could not find a published stuglyorting the effect of both fly ash and PAC

on the specific surface area of concrete. Theretbheeabove comparison was performed in order
to compare the effect of cementitious materials tbe specific surface area of concrete
containing AEA. In mixes with 20% fly ash replacarmehe specific surface area did not change
upon the addition of a high percentage of PAC (5Phe effect of PAC on the shape factor at

the X60 and X100 magnification is shown in Figuses8a and 5-18b, respectively.
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Fig. 5-18 Effect of PAC on the mean shape factpK&0; b) X100

The results show that at both magnifications, PAG ho significant effect on the mean

shape factor of concrete containing a different@etage of fly ash. However, only in the case

96



of 20% fly ash at the X100 magnification, it is sebat with a higher PAC content (20F5P) the
mean shape factor dropped by 20% compared to 20kGPould be noted that the shape of the
bubbles does not play an important role in the lilita performance of concrete (Poonguzhali
et al. 2008). It should be reminded that closervhi@e of the shape factor to unity, the higher

the accuracy of the results of an image analysis.

5-1-4-3 Comparison of the air-void characteristastained from both sample preparation

techniques

Since the spacing factor and specific surface afezsoncrete were not determined by
other techniques (for instance ASTM C457 standastl tnethod) it is impossible to judge the
accuracy of the results obtained from the epoxyregpated and inked samples. A comparison
of the results shows that the specific surface aed spacing factor of the mixes were
significantly higher in the inked samples than ép@xy-impregnated samples. The results also
reveal that the values of the mean shape factankad samples were lower than unity, whereas
in the epoxy-impregnated samples those values Wwighger than one. The reader should be
informed that a perfect circle has a shape fadtondy where an increase in the irregularity of a
void increases the shape factor. Neverthelessautteor believes that the inked samples provide
more reliable results. This is because in the irdadple voids can be more easily distinguished
from solids. As mentioned in Section 4-2-5, thispsplays an important role in the accuracy of

the results.
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5-2 RESULTS OF SERIES #2

In this section the fresh and hardened propertieSenies #2 which included AEA at
0.5% of the total binder weight are described. Tasults of fresh concrete, compressive
strength, ASTM C642 Standard Test Method and imaagdysis for Series #2 are provided in

this section. All individual results and statisticormation are listed in the Appendix #2.

5-2-1 Properties of Fresh Concrete

Figure 5-19 shows the air void content of freshatete. It is seen that by increasing the

PAC content the air void content decreased. Thsnsi¢hat PAC adsorbed part of the AEA.
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Fig. 5-19 Air void content of fresh concrete

In this series, since AEA was used, the differencesr void content were significant and it was
easier to track the changes in air void conterthasmix composition varied. The results show

that by adding 10% PAC by weight of fly ash, A20P1@he air void content of fresh concrete
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decreased by 79% compared to A20FOP containing 8%. Hhis may cause some concerns
regarding the large decrease in the air void cantestause as mentioned earlier, the air void
content is one of the chief factors affecting treefe-thaw resistance. In a study by Baltrus and
Lacount (2001) the effect of unburnt carbon on A&#mand was investigated. They showed
that the adsorption of AEA by unburnt carbon letda longer equilibrium time as per the foam
index test. They also concluded that the highex cdtadsorption of AEA by unburnt carbon
explains the decrease in entrained air observedtowe for concrete made using high levels of
unburnt carbon fly ash. Hill et al. (2009) reveathdt fly ash containing 1% PAC increases the
AEA demand for gaining a 6% air void content by @b times compared to the plain concrete.
Pederson et al. (2008) also showed that the pasizke and the surface chemistry of carbon in
fly ash impact on AEA adsorption and its demanceylfound that the AEA adsorption capacity
of carbon decreases with an increase in particke. Sihey also showed that an increase of the
carbon surface area increases the specific foaexind

The results of density are shown in Figure 5-20e Tasults show that there is no
significant difference between the densities o$lireoncrete. The densities of the mixes were in
the range of 2124 - 2184 kgfmwhich is in accordance with the density of normadight
concrete. The constant unit weight (2260-2325 Rp/mf mixes with different fly ash
percentages was also reported by Lomboy and Wd@Pj2In a study performed by Hale et al.
(2008), the fresh density of concrete containinge2fly ash was reported as 2250 kg/m

showing good agreement with the results of Figu2®5
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Fig. 5-20 Density of fresh concrete

5-2-2 Compressive Strength

The effect of PAC on the compressive strength oflé@ed concrete after 7, 28 and 60
days is shown in Figures 5-21a, 5-21b and 5-2kpewively. The C.0O.V. of the compressive
strength at 7, 28 and 60 days varied from 2.5%1t8%, 3.4% to 16.3% and 0.8% to 10.6%,
respectively. The results show that at all agesméx@d, an increase in the PAC content
increased the compressive strength of the mixess Tdsult was expected, as with higher
dosages of PAC, the air void content decreased,tasdknown that a lower air void content
leads to a higher compressive strength (Lamond )200ghould be noted that some believe that
the effects of carbonaceous solids on concretdu@img discolouration, poor air entrainment
behaviour and mixture segregation) do not cause iampact on the compressive strength
(Freeman et al. 1997). In other words, the compresdrength of concrete may not be affected
by increasing the carbon content. It is likely ttied type and content of carbon play an important

role, but this was not investigated in the prestundy.
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Fig. 5-21 Compressive strength of concrete with 2I§eash for specimens cured for a) 7 days;

b) 28 days; c) 60 days
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The effect of the age of concrete on its compressikength is shown in Figure 5-22. The results
show that with an increase in the age of the caacitee compressive strength increased as
expected. For all four mixes, it is seen that tbengressive strength of concrete cured for 60
days increased by 65% compared to the 7-day oldret:n The results also show that the
compressive strength increased with a PAC contén5% (A20F5P) or 10% (A20F10P)
compared to that with only 2% PAC (A20F2P). This t& attributed to the reduction of the air

void content in A20F5P compared to that in A20F2P.
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Fig. 5-22 Effect of age of concrete on compressivength

5-2-3 Density, Absorption and Volume of Permeable &ds in Hardened Concrete

The volume of the permeable voids is shown as atilum of the age of test and PAC
content in Figures 5-23a and 5-23b, respectivelye T.O.V. of the volume of permeable voids

at 7, 28 and 60 days varies from 2.3% to 12.1%61t® 7.1% and 1.4% to 9.0%, respectively.
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The results show that the longer-cured concrete &ddwer volume of permeable voids.
Increasing the hydration of the cement led tolmdlof the air voids with the hydration product.
As a result, the concrete with higher curing pesibdd lower permeable voids. Also, the results

show that at the given age, the PAC percentagadtithfluence the volume of permeable voids.
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Fig. 5-23 Volume of permeable voids affected bgwjng time; b) PAC content

By looking at Figure 5-23, it can be concluded thate were no changes in the results of

the volume of permeable voids when 2, 5 and 10 RAE were added. This trend was valid for
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7 and 28-day concrete. However, adding 10% PAC FAP®) to concrete cured for 60 days
decreased the volume of permeable voids by 23%.bbgnmand Wang (2009) compared the
results of concrete with and without AEA which isigar to Series #1 and 2 of this study. They
concluded that concrete with AEA had slightly loveempressive strength but higher porosity
compared to concrete without AEA. The current stadgfirms their findings. Also, Saricimen

et al. (1992) carried out a series of tests on macontaining 20% fly ash replacement. Their
results showed that the volume of permeable void®ncrete containing 20% fly ash and cured
for 7 days, was lower compared to the plain corctete to pozzolanic reactions. Similar results

and trends for 20% fly ash replacement were algorted by Haque and Kayyali (1989).

The absorption after immersion and boiling is shasna function of the PAC content
and age at testing in Figures 5-24a and 5-24b.eotisely. The results show that with an
increase in the age of concrete, the absorptiogr atmersion and boiling decreased in all
mixes. Also, it is seen that for 7 and 28-day adarete, an increase in the PAC content did not
affect the boiling absorption, which is similarttee results for the volume of permeable voids. In
a study by Zhou et al. (2007) the effect of fly asimtaining concrete friendly PAC on the air-
void characteristic of concrete was investigateais Toncrete friendly PAC was a brominated
carbon-base mercury sorbent which adsorbs vely tiftthe concrete AEA. They concluded that
the air void content and slump of concrete contgréoncrete friendly PAC contained fly ash
were the same as the reference concrete. Theydalsonstrated that concrete friendly PAC
does not influence the stability of air voids. Ttypical properties of a concrete friendly PAC
were reported in Section 5-1-2. Meanwhile, it isrtivaestating that the concrete friendly PAC

adsorbs the mercury but it has no detrimental etieahe air-void characteristics of concrete. It
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should be noted that in this study, however, a eatignal powdered activated carbon was used,

as per the intent of the local thermal power plant.
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absorption of concrete containing fly ash and PAC
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5-2-4 Image Analysis
5-2-4-1 The observation on epoxy-impregnated sasnple

Figure 5-25 shows the air void content of hardenedcrete obtained by the image
analysis method. In the first part, the resultshef epoxy-prepared samples are presented. Later,

the results of the ink-prepared samples are discuss
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Fig. 5-25 Comparison of the air void content obediby different test methods

The results of the image analysis indicate thatih&oid content of the mixes decreased
when the PAC percentage increased. This trendagreement with the air void content of fresh
concrete. However, the order of the results of ithage analysis and fresh air void content
values was completely different. It is observedt i@ fresh air void content was about two

times higher than the air void content obtainednigge analysis.
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Figure 5-26 shows the effect of PAC on the spataatpr. It is clear that an increase of
the PAC content led to an increase of the spaawctpf. This is expected due to the lower air
void content of the mixes with a higher PAC contédrite results show that adding 10% PAC
(A20F10P) increased the spacing factor by 43%.ghén spacing factor reveals that the distance
between voids is higher; in other words, fewer gogxist in the paste due to the effect of the
PAC on the absorption of AEA. This increase in $pacing factor might have a negative effect
on the concrete which is exposed to freeze-thakesy@s stated in Section 3-4-3, according to

Powers (1949), the lower the spacing factor theendlorable the concrete will be.
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Fig. 5-26 Effect of PAC on the spacing factor ohciete with FA at 20% of binder
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The effect of PAC on the specific surface aredlustrated in Figure 5-27. In general, it
is evident that an increase in PAC leads to aneas® in the specific surface area. A 44%
increase in the specific surface area was obsemeh 10% of PAC was added to the mix
compared to the mix without PAC. One may expect BxaC affected the larger air voids by

eliminating them which led to a higher specificfage area.

_ 0257 120 days
c
e ‘.
2 020 -
€
S~
=
S 0.15 -
S
(1]
)]
(8]
£ 010 -
=1
[7,]
(8]
& 0.05 -
(8]
Q
Q
(7]
0.00 T T T T T 1
0 2 4 6 8 10 12

PAC (%)

Fig. 5-27 Effect of PAC on the specific surfacesare

Figure 5-28 illustrates the results of the mearpshactor for mix with different PAC
content. Similar to Series #1, the shape facton® we limited ranges and no specific changes
can be seen in the values as the PAC quantity eldagshould be noted that the above results
are related to the image analysis of specimenshwhiere prepared using the epoxy-impregnated

technique. In Section 5-2-4-2 the results of thagmanalysis technique performed on the ink-
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prepared samples are presented. Two magnificatieer® used in presenting the air-void

characteristics of the mixes.
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Fig. 5-28 Effect of PAC on the mean shape factor

5-2-4-2 The observation on ink-prepared samples

The results of the ink-prepared samples are suimethin Table 5-3. The results indicate
that the air void content of mixes measured byX66 magnification was higher compared to
the X100 magnification. However, it was found ttte air void content decreased by increasing
the PAC percentage for both magnifications. Thisulte(obtained from the image analysis
method) is in agreement with the results of thevaid content of fresh concrete obtained by the
ASTM C231 (2009) standard test method. It can len gbat both magnifications, X60 and
X100, resulted in the same values for the spaantpf and mean shape factor, but the results of
the specific surface area show different valuesHese two magnifications.
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Table 5-3 Results of the image analysis methodhteprepared samples

Magnification Mix ID
A20FO0P A20F2P A20F5P A20F10P
60 9.13 4.28 4.48 1.00
Air void content (%)
100 5.92 2.38 2.86 1.13
60 21.00 49.00 20.00 43.00
Specific surface (mi)
100 35.00 85.00 28.00 38.00
60 0.08 0.07 0.24 0.38
Spacing factor (mm)
100 0.07 0.07 0.21 0.37
60 0.71 0.70 0.66 0.65
Mean shape factor
100 0.71 0.78 0.80 0.68

The effect of PAC on the specific surface areaiobthat the lower magnification, X60,
is presented in Figure 5-29. In this case, theltestere very scattered, and no conclusion could
be drawn. However, it can be seen that the spesififtace area was within the range of 20-49
mm*. Zhang and Wang (2006) used the Rapid Air Tesivaluate the specific surface area of
concrete containing 15% fly ash. The results ofdineent study confirm the results of the study
conducted by Zhang and Wang (2006), as they shakadthe specific surface area of mixes

changed in the range of 21.8-60.0 thatepending on the mixing time (it should be noteat t
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the mixing time was not a factor investigated ie turrent study). However, the same mixes
were tested by Zhang and Wang with another teclenigu Void Analyzer, and the results show
that the specific surface area changes in the rah@®.7 mnt 28.0 mnt (Zhang and Wang

2006).
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Fig. 5-29 Effect of PAC on the specific surfacesare

Figure 5-30 shows the results of the spacing fagkdained at the lower magnification
(X60). It is seen that an increase in the PAC aurnled to an increase in the spacing factor. By
adding 10% PAC to the plain concrete mixture (A2BFQhe spacing factor increased by about
four times. This happened in mixes with a higheCR#ntent as the air void content was lower
in those mixes. This led to an increase in theadist between air voids. It is worth restating that
the difference between Figures 5-26 and 5-30 istdube application of different preparation

technigues. Whereas the specimens described byeFign26 were obtained from epoxy-
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impregnated method, the specimens described byrd=igtBO were obtained from the inked

preparation method.
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Fig. 5-30 Effect of PAC on the spacing factor ohciete with FA at 20% of binder

Figure 5-31 shows the results for the mean shapéorfaobtained at the lower
magnification (X60). The results show that the mshape factor was within a narrow range of
0.65 to 0.71. However, a drop in the shape fastseen in the mixes with a higher PAC content.
The results show that the shape factor decreas&¥dwith an increase of PAC content from
0% to 10%. This drop indicates that with the higR&C content, the shape of the voids became
more irregular compared to a perfect spherical v@ide may assume that merging the perfect
spherical voids resulted in making the voids wité trregular shape. It is also possible that in the
mixes with a higher PAC content the entrained gplaced with the entrapped air which led to a

lower shape factor compared to the mixes with aloRRAC content.
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Fig. 5-31 Effect of PAC on the mean shape factor

5-2-4-3 Comparison of the air-void characteristastained from both sample preparation

techniques

In this section, the results of the air-void ché&edstics obtained from both sample
preparation techniques are compared. The resulteeohir void content shows that the inked
samples led to values closer to the values of rihfair void content, compared to the epoxy-
impregnated samples. Specifically, the air voidteohof the epoxy-impregnated samples was
almost 2 times lower than that of fresh concreteemas good agreement can be seen between
the results of inked samples and the fresh concféie results of the spacing factor for the inked
samples (at X60 magnification) vary from 80 to 3B@rons whereas the values for the epoxy-
impregnated range between 34 to 47 microns. Réwallthe air void content of fresh concrete
for A20F10P was measured at about 2%. CAN/CSA A Z3000) suggests that a maximum

spacing factor of 230 microns can be obtained incoete containing AEA; (high air void
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content can be achieved in concrete containing AEfwever, the results from the epoxy-
impregnated samples show a low spacing factor tiespeé low air void content of concrete.
Meanwhile, a higher spacing factor (380 microngpréed for the inked sample of A20F10P is
reasonable when compared to the suggested CAN/C331Avalue. Therefore, it can be
concluded that the result of the spacing factoaioled from the inked-samples provides a more
accurate value compared to the epoxy-impregnatex$.oAlso, with regard to the specific
surface area values found in this stuithe inked samples led to a closer value to othetiss$
compared to the epoxy-impregnated ones. While pexic surface area of inked samples
containing 20 percent fly ash varies between 209 mnf, this parameter was measured
as about 200 mihfor the epoxy-impregnated samples. Recall thatnghand Wang (2006)
reported the specific surface area of concreteaiming 15% fly ash as about 40 nim
Therefore, it can be concluded that similar to dfrevoid content and spacing factor, the inked
samples provided more reliable results for the ifipesurface area compared to the epoxy-
impregnated ones. Nonetheless, it should be eng#ththat since no third technique was
implementedit is difficult to judge the accuracy of the retsubf the spacing factor and specific
surface area. However, based on the above disoyssn that in Section 4-2-5, the visual
inspection of the prepared samples and the imaggsned from both techniques convinced the
author that the inked samples can provide morebigi results compared to the epoxy-

impregnated one.
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5-3 RESULTS OF SERIES #3

In this section, the fresh and hardened propeofi€eries #3 are described. One can find
the results of the performance of fresh concretenpressive strength at different ages, the
ASTM C642 (2006) Standard Test Method and imagdyaisain this section. All individual
results with the coefficient of variations aredidtin Appendix #3. Recall that in this series, an
air-entraining admixture at 0.5% of the total bindeight and fly ash from the Genesee power
plant were used to investigate the effect of AEAconcrete made with fly ash. The AEA was
used at the same content as those used in Seri@sd#Zenesee fly ash replaced up to 80% of
the cement weight. As mentioned before, this fly eame from a power plant where PAC was
directly injected into the flue gas ahead of thecypitator. It is worth restating that the PAC
content of the Genesee fly ash was evaluated eamli&ection 4-1-2 and taken here as and

assumed value of 2% by weight of fly ash.

5-3-1 Properties of fresh concrete

The results for the air void content of fresh ceterare presented in Figure 5-32. The
C.0.V. of the air void content varied from 0.0 t& 26. As can be seen, the air void content of
all mixes was in a narrow range between 8.7% an@%3and an increase in fly ash did not

change the air void content of the concrete.
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Fig. 5-32 Air void content of fresh concrete forigs #3

It is worth restating that limestone and silica &umvere used in the mixes containing
70% and 80% fly ash. However, these powers carffettahe air void content and absorption
of concrete. At the fresh stage, it is too earlyditica fume to react with the hydration product.
On top of that, the order of magnitude of surfaeador PAC is considerably higher compared
to both silica fume and limestone. Therefore, orey rignore the effect of silica fume and
limestone on the air void characteristics of higtume fly ash concrete. Meanwhile, at the later
ages, silica fume cannot access to sufficient gaichydroxide as the cement content was too
low in those mixes. Concrete containing up to 80eakh did not show a decrease in the air
void content compared to concrete without fly a8k. a result, it does not appear to be a
challenge to entrain air for concrete in its fregdte. Recall that the PAC content of the Genesee
fly ash was assumed as 2% of this pozzolanic adm&xSo, one may assume that since A20F2P

and A20F-G contain the same amount of PAC, thewlghdisplay a similar air void content.
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Nonetheless, the air void content of A20F-G was $0§bher compared to A20F2P which shows
that PAC adsorbs more AEA when the PAC was addethgluhe post-production process
compared to fly ash being injected with PAC in trohthe precipitator. Expanded discussion of
this observation is provided in Section 5-4. Theuhes of a study conducted by Hill et al. (1997)
show that the adsorption properties of carbon plagle in AEA’s performance. In other words,
a higher content of fly ash, which leads to a higtentent of carbon, does not necessarily affect
the air entrainment. Their conclusion correspomdghé results for the air void content of fresh
concrete obtained in this study. Meanwhile, it dtldoe noted that the nature of the carbon
discussed by Hill et al. (1997) is different frohat of PAC, in that they used the loss of ignition
(LOI) index to quantify the carbon content. Thisfetience may lead to a varied performance

compared to those with the same nature of carbon.

The density of fresh concrete is shown in Figurg35-Similar to the other series, the
fresh density of the mixes was in the range of ranwveight concrete (ACI 211 2009). Chaudry
(2005) showed that the average fresh density of A\¢éncrete with 50% fly ash replacement
by weight was 2372 kg/fna 10% higher density compared to the fresh deositained in this
study. The results of a study by Siddique (2004sthat the density of HVFA concrete (40%,
45 and 50% fly ash replacement) varies in the ramig@398-2401 kg/rh which shows a
difference of 12% compared to the results in Figbh&3. In a study performed by Malhotra
(1990) the density of concrete containing 60% fly aslbimder, without AEA, was reported as
2365 kg/nt; a value which confirms the density of concretataming high volume of fly ash

reported by other researchers including Siddiquekdratib (2010).
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Fig. 5-33 Density of fresh concrete for Series #3

5-3-2 Compressive Strength

The results for the compressive strength are shiowkfigure 5-34. The C.O.V. of the
compressive strength at 3, 14, 28 and 60 dayssvaonen 1.0% to 14.6%, 0.7% to 7.5%, 1.9% to

6.8% and 1.7% to 7.5%, respectively.
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Fig. 5-34 Compressive strength of Series #3 mixelff@rent ages

For all mixesit is seen that an increase in the age of theretated to an increase in the
compressive strength. However, the rate of thecase varied depending on the percentage of
fly ash replacement. For example, the gain in gtferfior the plain concrete with no fly ash
(AOF-G) stopped after approximately 30 days, while rate of increase of the compressive
strength for the ABOF-G sample was the highest fB@nadays to 60 days. In hindsight, it should
be noted that since a high volume of fly ash wasdus Series #3, the compressive strengths
should have been measured after longer curing tises120 days, due to the slower reaction
rate of fly ash (Poon et al. 2000). As concretet kggning strength after 60 days for all mixes
(except the plain one), it is impossible to malmaclusion about the final compressive strength
of the mixes. One may also notice that in some s¥%/0F-G and A80F-G) limestone and

silica fume were used where those powders cowe laa influence on the final compressive
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strength. This conclusion can also be found in fEdat35 which shows the effect of fly ash
percentage on the compressive strength of concreeal for different durations. A decrease in
the compressive strength is observed at all agéds avi increase in the fly ash content. The
obtained results are in good agreement with thaltsesf a study performed by Nkinamubanzi et
al. (2003). They showed that at early ages, thepcessive strength of high volume fly ash
concrete (W/B=0.32 and 55% fly ash replacement) lassr compared to that of plain concrete.
They also showed that at 1 and 7 days the compesssiength of high volume of fly ash
concrete was 58% and 26% lower compared to the plancrete. Recall that the W/B ratio of
the current study is higher than that used in Nkinbanzi et al. (2003)’s. study The effect of the
fly ash content and the age of concrete on the cessjpve strength of HVFA concrete
containing up to 80% fly ash were also investigdigdVlontgomery et al. (1981). They found
that HVFA concrete (cement/fly ash ratio= 40/60 \mglume, without AEA) had a lower
compressive strength compared to plain concretiffarent ages. Meanwhile, they cured their
samples up to 1 yeaincreasing the strength of the samples to 200% $tudy performed by
Ramezanianpour and Malhotra (1995), concrete sangmataining 58% fly ash which were
cured under different conditions, were tested unaoeaxial compression. Their results showed
that HVFA leads to a lower compressive strengthmaned to plain concrete when the samples

were cured up to 180 days.
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Fig. 5-35 Effect of fly ash content on the compresstrength
5-3-3 Density, Absorption and Volume of Permeable &ids in Hardened Concrete

The volume of permeable voids is presented as @iumof fly ash content and the age
at testing in Figures 5-36a and 5-36b, respectividig C.0.V. of the volume of permeable voids
at 3, 14, 28 and 60 days varied from 0.6 % to 3.0 %% to 38.8 %, 1.2 % to 35.8 % and 3.6 %
to 91.8% %, respectively. The results show thal a&it increase in age, the volume of permeable
voids decreased. This conclusion held true in akes1but plain concrete, which showed the
opposite trend. The volume of permeable voids lierlain concrete at 3, 28 and 60 days was
obtained as 6.2%, 7.1% and 8.4%, respectively.vBhees of the volume of permeable voids at
28 days and 60 days were only 14% and 18% highewpaced to the 3 and 60-day cured
samples, respectively. Apaydin (2010) showed thatvialues of the volume of permeable voids
of plain concrete (no fly ash) at 60 and 90 dagsamost the same (the reported difference is
less than 10%) compared to 28-day cured samples.s@ime conclusion can be drawn in the

current study as the results showed no significhahge.
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Fig. 5-36 Volume of permeable voids as affectec@)offy ash content; b) age of test

It can also be seen that an increase in the flycaskent resulted in an increased volume
of permeable voids after 14 days of curing whildearease was noticed after 60 days. After 14
days of curing, an 80% increase in the fly ash @wnincreased the volume of permeable voids
of the concrete by 200%; at 60 days, the volumeeoimeable voids decreased by 50%. In other
words, there is no clear relationship between theg$h content and the volume of permeable
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voids. Meanwhile, Dinakar et al. (2008) believeditttne fly ash content has a significant bearing
on the volume of permeable voids in concrete. T¢teywed that in concrete incorporating high
volume of fly ash (up to 85 % of cement replacemém corresponding permeable voids were
higher. They concluded that this might be due &high paste volumes and high water content,
which resulted in increased porosity.

The effect of fly ash content on the apparent dgnsiulk density after immersion,
absorption after immersion, and absorption aftemarsion and boiling is shown in Figures 5-
37a, 5-37b, 5-37c and 5-37d, respectively. In gdnéne results are very scattered to draw any
concrete conclusions. However, one may conclude tttea absorption of concrete containing
higher amounts of fly ash (A70F-G and A80F-G) ighter compared to concrete with a lower fly
ash content (A10F-G).

The effect of the age of the concrete on the albisor@fter immersion and bulk density
after immersion is shown in Figures 5-38a and 5-38bpectively. One may conclude that the
absorption of concrete decreased with the ageeottimcrete, while there was no visible trend

for the case of bulk density.
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5-3-4 Image Analysis

The air void content of hardened concrete obtalmethe image analysis method at the
X60 and X100 magnifications is shown in Figures%and 5-39b, respectively. It should be

noted that in Series #3, the samples were pregamiet) via the ink method.

The results of the image analysis show that a flighsh content does not affect the air
void content of concrete. Therefore, one shouldo@otoncerned with the freeze-thaw resistance
of concrete containing this type of fly ash. Theules of image analysis with X60 magnification
show that the three methods gave the same ordenagritude for air void content. However, in
the case of X100 magnification, the image analystenique gave a lower air-content compared
to the ASTM C231 and ASTM C642 test methods. It dan concludedthat a lower

magnification, say X60, is more reliable and therefrecommended.

The results for the specific surface area at the 2id X100 magnifications are shown in
Figures 5-40a and 5-40b, respectively. It was fotlmad the order of specific surface area at the
X100 magnification was about 10 times higher theX&0. The results of a study carried out by
Glinicki and Zielinski (2008) revealed that an iease in the fly ash content by up to 40% leads
to an increase in the spacing factor by 0.05- thidand decreases the specific surface area by
9-12 mm". However, in another study, Naik et al. (1995) desirated that an increase in fly
ash replacement by up to 70% increases the spscifface area of concrete. These conflicting
trends were also found in the current investigatidme author believes that although the results

seem scattered, they were actually in the narrogeaf 0.006 to 0.038 microhs
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The results for the spacing factor at the X60 addOX magnifications are shown in
Figures 5-41a and 5-41b, respectively. The aveoddbe spacing factors for different fly ash
volumes obtained from the lower magnification, X&0, is at a higher value compared to the
higher magnification, i.e. X100. Pistilli (1983)@hed that AEA in a higher soluble alkali Class
C fly ash produces higher values for the spacictpfa Also, Naik et al. (1995) revealed that in
HVFA concrete, an increase in the fly ash percentdgcreases the spacing factor. Their results
showed that 70% fly ash replacement in concreteedsed the spacing factor by 65%. Cox and
De Belie (2007) measured the spacing factor of iaaontaining both 50% and 67% fly ash.
Their results showed that the spacing factor ofcoete containing 50% fly ash decreased by
25% and 37% compared to plain concrete after 13ambnths, respectively. Reductions in the
spacing factor for concretes incorporating 67%afih were also reported as 17% and 58% (Cox
and De Belie 2007). However, the current study oananfirm their results.

As discussed in Section 4-2-5, it seems that if ithage analysis technique was
performed on the cement mortar samples insteadh dh® concrete samples, the results would
have been more accurate. It is recommended inutueef to have a mortar sample containing
cement, fly ash and PAC. Since there is no coaggesgate in said sample, the air voids and the
background can be more easily and more reliabljindigished. Recall that, aggregate is a

porous material and its pores can be unintentipmatiuded as the air voids of concrete.
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5-4 COMPARISON OF THE RESULTS

In Sections 5-1 to 5-3, the results of individuatiss were presented. In this section,
these results are compared in hopes of drawinglesinos across the parametric study. This
comparison will lead to a better understandincheféffect of PAC on the properties of concrete.
Based on the different parameters examined in shusly, the effect of the air entraining

admixture and the mode of PAC addition are disaligs¢his section

5-4-1 Effect of Air Entraining Admixture

The effect of the air entraining admixture on theperties of concrete was determined
by Series #1 and Series #2. In both series, miae wrepared with 20% fly ash replacement
and 0, 2 and 5% of PAC. In Series #1, no AEA waslugshereas in Series #2 AEA was used at
0.5% of the total binder weight. Table 5-4 showat ths expected, the air void content of mixes
containing AEA (Series #2) was higher compared#t of Series #1. It was also concluded that
the fresh density of mixes with AEA was lower b8 P6 (7, 7 and 8% for 0, 2 and 5% PAC,
respectively) compared to the plain concrete wahAEA. Figure 5-42 and Table 5-4 show the
fresh densities of mixes including and excludingfARREA creates more pores in the concrete,

which leads to lower density.

Table 5-4 Comparison of Series #1 and Series #2

Series #1 (no AEA) Series #2 (with AEA)
PAC (%) PAC=0% PAC=2% PAC=5% PAC=0% PAC=2% PAC=5%
Air void content (%) 2.1 1.8 1.9 10.0 8.5 3.4
Density (kg/m) 2354 2355 2330 2178 2184 2127
Compressive strength (MPa) 36.5 35.4 35.1 21.7 23.4 36.0
Specific surface area | 4 0.36 0.33 0.16 0.16 0.22
(1/micron)
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The comparison of results (A20FOP with 20FOP andFP with 20F2P) from
compression testing in Table 5-4 shows that mixi#s AEA had a lower strength as expected. It
is known that for each percent of air void, 5% ompressive strength is lost (Klieger and
Lamond 1994). Figure 5-43 shows the comparisoroofpressive strength in both Series #1 and

#2.
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Fig. 5-43 Comparison of compressive strength ofeSefl and 2

The compressive strength of mixes at 28 days vénoes 35 MPa to 37 MPa in Series #1

while for different PAC contents the compressiveersgth changed from 22 MPa to 37 MPa
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when AEA was used. In mixes containing 20% fly asid 5% PAC, the same compressive
strength was measured for concrete with and witdtA (A20F5P and 20F5P). It was shown
that a higher PAC content (5%) adsorbed more AE# eesulted in a low air void content
which can be attributed to the same compressieagtin compared to the mix with no AEA. In
general, with little or no PAC, AEA led to a highair void content, and as a result, a lower

compressive strength.

The volume of permeable voids at 28 days was theedar the mixes containing 0 and
5% of PAC in both the air entrained and non-airaned concrete. However, in the mixes with
2% PAC, the volume of permeable voids of concrete wo AEA showed an increase by 60%
compared to the mix with AEA (A20F2P). The absamptiof concrete after immersion and
boiling at 28 and 60 days is shown in Figures 5-d44d 5-44b, respectively. The results of
absorption after immersion and boiling are also parad, see Figure 5-44, which indicates that
at 7, 28 and 60 days the boiling absorption of ceteccontaining AEA (Series #2) is generally
lower compared to the mixes of Series #1 (no AHA)other words, AEA led to a decrease in
the absorption of concrete. It is known that cotecreith a higher air entrained content attributes
to a concrete with higher porosity. Nonetheless, lthver slump in Series #1 compared to Series
#2 (it can be seen from Appendices #1 and #2 beaslump of the mixes in Series #1 was about
3 times lower compared to the mixes in Series #2)y have led to a higher content of entrapped
air in concrete in regard to the compaction deficie which attributed to the higher water
absorption for concrete with no AEA compared to arete containing AEA. It was also
demonstrated that air-entrained concrete is mosestemt to absorption compared to plain

concrete (Perlite Info as of October™22011), something in agreement with the resultthisf
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study. Meanwhile, Klieger and Hanson (1961) shotied the water absorption of lightweight,

air entrained concrete is similar to those forriba-air entrained mixes.
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Finally, comparing the results of specific surfamea, Table 5-4, demonstrates that
specific surface area of Series #1 was 1.5-3.0stimgher compared to Series #2. This is likely
because in Series #2, the small air-entrained lesghinlerged together to create bigger bubbles
which would lead to a lower specific surface argmugh the size of entrapped bubbles is

generally bigger than air-entrained bubbles.

5-4-2 Effect of Mode of PAC Addition

In this section, mixes containing 20% fly ash replaent of cement by weight and 2%
PAC from Series #2 and #3 were selected and comip@hes comparison helps to examine the
effect of PAC addition method on the propertiescofhcrete. This comparison of mixtures is
valid, as the percentage of cement replacement flyithsh and the PAC percentage were the
same for both mixes. Nonetheless, as discussedhapt€r 4, the chemical composition of
Genesee fly ash and Class F fly ash was slightfgrédint which could affect AEA effectiveness.
On top of that, PAC was sourced from different digop which may have some influence
though they showed the same physical propertiegur&i 5-45 and Table 5-5 show the

comparison of Series #2 and Series #3.

Table 5-5 Comparison of Series #2 and Series #3

Series #2 #3
Mix 1D A20F2P A20F-G
PAC 2% 2% (see Section 4-1-2)
Air void content (%) 8.5 13.0
Volume of permeable voids (%) 4.7 8.0
Fresh density (kg/f 2183 2089
Compressive strength-28 days (MRa) 23.4 18.1
Spacing factor (microns) 70 79
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As shown in Figure 5-45 and Table 5-5, the freshvaid content of A20F-G was 50%
higher compared to A20F2P. It shows that PAC adsorbre AEA when added during the post
process production compared to when it is injegtéd PAC in front of the precipitator. Based
on this finding, it can be concluded that fly asteady treated with PAC in the power plant

resulted in a higher air void content when the sameunt of AEA was used.

It is worth restating that the Genesee Power Riartl a PAC (Power PAC Premium
from the ADA company), which was similar to the PA€ed in this study though they are not
identical, see Section 4-1-1. Recall from SectiglrZthat the PAC inclusion of the Genesee fly
ash was assumed as 2%, therefore the same amdRACoivas included in both mixes. Thus, it
can be concluded that the effectiveness of PAQIsmid AEA decreases when it is injected in
front of the gas precipitator.
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Table 5-5 shows that the fresh density of A20FOB twigher compared to A20F-G, as
the former contains a lower air void content. Tisans that when PAC is added during the post
process productiont leads to a higher density. As Table 5-5 shav28 days, the compressive
strength of mixes containing 20% fly ash was 23id 83.1 MPa for series 2 and 3, respectively.
These results show that the compressive strengtiorafrete made with already-treated fly ash
(from the Genesee power plant) was lower compardbe concrete made with Class F fly ash,
where PAC was added during the post process priodud®owdered activated carbon when
injected in front of the gas precipitator, introdacfly ash that results in a lower compressive
strength. The lower compressive strength in Setiss in agreement with its higher air void

content compared to Series #2.

Figure 5-46 shows the volume of permeable voidsAROF2P and A20F-G. It is seen
that the volume of permeable voids of Series #3 iglser compared to Series #2, as it showed
higher air void content. One may conclude that wiR&C is injected in front of the gas
precipitator, it results in a higher volume of peable voids. In other words, when PAC is
manually and separately added to a concrete mixgitine post process production, a concrete

with a lower volume of permeable voids can be acde
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Fig. 5-46 Comparison of permeable void in Seri@satd #3

The spacing factor of Series #2 and Series #3ss @mpared in Table 5-5. It can be
seen that A20F-G and A20F2P had almost the sanuewdbr the spacing factor. The spacing
factor of concrete made with already-treated fly ass 10% higher (this difference is likely to
be insignificant) compared to concrete made witas€IF fly ash where PAC was added during

the post production process.
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CHAPTER 6- SUMMARY

This study has focused on the effects of PAC on dhevoid characteristics and
consequent properties of concrete containing fly. &or achieving this goal, laboratory tests
were performed to evaluate the effect of powdedivated carbon on the air void network of
concrete. Three series of mixes were designed &uate the effect of powdered activated
carbon, PAC, on the fresh and hardened propertiesrcrete. Concrete with both normal and
high volume fly ash were cast. The fresh propesiese examined included the air void content
and density of fresh concrete. The permeable void eompressive strength of hardened
concrete at four different ages were also meastiedlly, the air void content, specific surface
area, spacing factor and shape factor of hardepnadrete were determined using the image

analysis technique.

The results of concrete containing 20% fly ash différent PAC percentages (Series #1
and #2) show that AEA led to a higher air void esitwhich contributed to lower compressive
strength in those concrete. The results show tmatcompressive strength of concrete from
Series #3 containing 20% fly ash made with alretrdgted fly ash from the Genesee power
plant was lower compared to concrete made withsCha#ly ash where PAC was added during
the post process production. It was shown that wRARQ was injected in front of the gas
precipitator, it results in a higher volume of peable voids compared to when PAC was added

during the post process production.

Based on the discussion in Chapter 5, the authwmsrized that more accurate and
reliable results can be assessed through the sd&egbles. This is because the voids can be more

easily distinguished from the solids in the inkedgared sample. Therefore, it is recommended
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that the ink-prepared sample should be implementady future study using image analysis for

studying the air-void characteristics of concrete.

Based on the results of Series #2, it was foundhigger volume percentage of PAC, for
instance beyond 5%, if added after fly ash is mmitatied, affects the air void content and other
air-void characteristics of concrete. However, doual amount of PAC included in fly ash may
be much lower than the applied percentages insthidy. For instance, the fly ash obtained from
the Genessee power plant was found to have onlyP2i& by weight. Also, based on the
comparison of Series #2 and #3, the effect of PAGiio void content was found to be lower
when it was included during the production of flshacompared to those added in the fly ash
before casting concrete. In other words, when PAG imjected in front of the gas precipitator, it
adsorbed lower amount of AEA compared to when PASS wdded during the post process
production. In general, based on the results af ithiestigation it was found that the fly ash if
injected with PAC in front of the precipitator hasignificant effect on the parameters including
the air void content and spacing factor which dffégrability (specifically freeze and thaw

resistance) of concrete.
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CHAPTER 7- RECOMMENDATIONS

Based on the experiences obtained in this invdgimgathe following recommendation are

made for future studies.

* In this study only one batch of fly ash from then@see power plant was investigated.
To generalize the findings, variation of fly ashrfr other power plants should be tested.
Therefore, it is recommended that different fly astmples injected with PAC from
power plants across North America should be ingastd in the near future.

« Other types of PAC, for instance brominated PAQ] another class of fly ash (Class C)
can be used in future studies to examine theictsffen the air-void network of concrete.

» It is expected that further investigation is regdirto allow derivation of quantitative
relationships between the voids at fresh and hadlistates.

* It is recommended to employ the permeability arebZe/thaw resistance tests. The
mercury intrusion porosimeter test that enablessoreanent of a wider range of voids
should be performed in future investigations.

* In the future studies, measuring of the properiesVFA concrete should be extended
to at least 3 months.

* Regarding the presence of mercury in the fly asttaining PAC, it is recommended in
the next step to assess the effect of concretairomg mercury on the health issues.

e It is recommended to use a third image analysihoagtfor instance ASTM C457, so
that one may compare its result with the other wamnple-preparation techniques,

described here.
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« Itis recommended that the image analysis techniguperformed on the paste samples
alone (instead of sample with coarse aggregated) aan bigger samples, to better

understand the air-void characteristics.
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APPENDIX #1

Series#1

2.7 21.34 2345.7

OFOP 3.6 33 21.33 1.2 2344.3 2349 6 0.3 0.49 15.1
3.5 21.41 2355.7
2.6 21.45 2361.4

10FOP 2.2 2.5 21.46 1.2 2362.9 2362 1 0.0 0.23 9.4
2.6 21.46 2362.9
2.5 21.54 2374.3

10F1P 2.8 21.54 1.3 2374.3 2367 12 0.5 0.29 10.2
21.39 2352.9
2.1 21.4 2354.3

10F2P 2.1 2.2 21.41 3 2355.7 2360 9 0.4 0.12 5.3
2.3 21.51 2370.0
1.8 21.53 2372.9

10F3P 2 1.9 21.4 4.5 2354.3 2362 10 0.4 0.10 5.3
1.9 21.43 2358.6
2.2 21.67 2392.9

10F4P 1.8 2.0 21.43 1.8 2358.6 2377 17 0.7 0.21 10.2
2.1 21.58 2380.0
1.5 21.41 2355.7

10F5P 1.8 1.7 21.45 4.1 2361.4 2360 4 0.2 0.15 9.2
1.7 21.47 2364.3
1.9 21.45 2361.4

20F0P 2.1 2.1 21.37 8 2350.0 2354 7 0.3 0.20 9.5
2.3 21.37 2350.0
1.9 21.35 2347.1

20F1P 1.7 1.8 21.12 5.5 2314.3 2338 21 0.9 0.12 6.3
19 21.39 2352.9
1.8 21.4 2354.3

20F2P 1.7 1.8 21.44 6.5 2360.0 2355 5 0.2 0.06 3.3
1.8 21.37 2350.0
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- 21.25 2332.9

20F3P 1.7 1.8 21.23 6.7 2330.0 2330 3 0.1 0.07 4.0
1.8 21.21 2327.1
1.8 21.32 2342.9

20F4pP 1.7 1.8 21.37 4 2350.0 2344 5 0.2 0.06 33
1.8 21.3 2340.0
21.25 2332.9

20F5P 2 1.9 21.17 4.5 23214 2330 8 0.3 0.12 6.0
1.8 21.28 2337.1
1.6 21.31 23414

30F0P 1.7 1.6 21.3 14 2340.0 2341 1 0.0 0.06 3.5
1.6 21.31 23414
1.7 21.26 23343

30F1P 19 1.8 21.2 125 | 23257 2331 5 0.2 0.12 6.3
1.9 21.25 2332.9
13 21.27 2335.7

30F2P 13 13 21.24 16 23314 2333 2 0.1 0.06 4.3
14 21.24 23314
14 21.23 2330.0

30F3P 14 14 21.27 15 2335.7 2332 3 0.1 0.00 0.0
14 21.24 23314
1.6 21.21 2327.1

30F4P 11 13 21.25 17 2332.9 2329 3 0.1 0.26 204
1.2 21.21 2327.1
1.6 21.24 23314

30F5P 1.5 1.6 21.26 155 | 23343 2330 4 0.2 0.06 3.7
1.6 21.2 2325.7

* weight of container=4.92 kg
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OFOP

10FOP

10F1P

10F2P

10F3P

10F4P

10F5P

20F0OP

20F1P

160

295.5 37.6 310.5 39.6 336.0 42.8 3335 42.5
279.5 35.6 314.5 40.1 306.0 39.0 355.0 45.2
278.5 355 320.0 40.8 316.0 40.3 352.5 44.9
238.0 30.3 287.0 36.6 331.0 42.2 391.0 49.8
270.5 34.5 320.0 40.8 304.0 38.7 404.5 515
264.0 33.6 273.0 34.8 301.0 38.3 413.5 52.7
242.5 30.9 295.5 37.6 318.5 40.6 380.0 48.4
265.5 33.8 302.5 38.5 307.0 39.1 354.0 45.1
237.0 30.2 311.0 39.6 295.5 37.6 370.5 47.2
220.5 28.1 269.5 34.3 288.0 36.7 348.5 44.4
209.5 26.7 263.0 33.5 292.5 37.3 352.0 44.8
247.0 315 274.5 35.0 282.0 35.9 334.0 42.5
258.0 32.9 265.5 33.8 337.5 43.0 400 51.0
243.0 31.0 286.0 36.4 325.5 41.5 360.5 45.9
261.0 33.2 282.0 35.9 302.0 38.5 427.5 54.5
255.4 325 269.0 34.3 319.5 40.7 422 53.8
265.5 33.8 297.0 37.8 328.0 41.8 320 40.8
276.5 35.2 266.5 33.9 292.5 37.3 383 48.8
264.5 33.7 248.0 31.6 316.0 40.3 394 50.2
234.0 29.8 267.5 34.1 307.0 39.1 354.5 45.2
252.5 32.2 257.0 32.7 295.5 37.6 365.5 46.6
195.0 24.8 238.0 30.3 298.5 38.0 308 39.2
187.5 23.9 236.0 30.1 259.0 33.0 342.5 43.6
206.5 26.3 227.0 28.9 301.0 38.3 309.5 394
214.5 27.3 254.5 324 281.0 35.8 349 44.5
203.0 25.9 219.0 27.9 263.5 33.6 357.0 45.5
200.0 25.5 228.5 29.1 275.5 35.1 309.0 39.4




20F2P

20F3P

20F4P

20F5P

30FOP

30F1P

30F2P

30F3P

30F4P

30F5P

161

184.5 23.5 229.5 29.2 283.3 36.1 - -

172.0 21.9 248.0 31.6 261.8 33.3 - -

175.5 22.4 226.0 28.8 289.7 36.9 - -

192.0 24.5 218.5 27.8 299.5 38.2 322.0 41.0
177.5 22.6 234.5 29.9 248.0 31.6 324.0 41.3
166.0 211 238.5 30.4 287.0 36.6 342.0 43.6
200.0 25.5 220.5 28.1 284.0 36.2 324.5 41.3
217.5 27.7 243.5 31.0 291.5 37.1 307.0 39.1
219.0 27.9 241.0 30.7 292.5 37.3 332.0 42.3
194.0 24.7 242.5 30.9 280.0 35.7 352.0 44.8
196.5 25.0 209.0 26.6 274.5 35.0 341.0 43.4
184.0 234 240.0 30.6 273.0 34.8 328.5 41.8
166.0 211 210.5 26.8 263.5 33.6 287.5 36.6
163.5 20.8 210.0 26.8 272.5 34.7 283.0 36.1
146.0 18.6 208.5 26.6 261.5 33.3 305.0 38.9
185.0 23.6 204.5 26.1 260.0 33.1 261.0 33.2
183.0 23.3 221.5 28.2 267.5 34.1 308.0 39.2
164.0 20.9 220.0 28.0 255.5 32.5 302.5 38.5
190.0 24.2 229.5 29.2 238.0 30.3 294.0 37.5
195.0 24.8 225.5 28.7 227.0 28.9 280.5 35.7
192.0 24.5 213.5 27.2 226.0 28.8 320.0 40.8
172.5 22.0 223.0 28.4 190.5 24.3 310.0 39.5
169.5 21.6 227.5 29.0 241.0 30.7 327.5 41.7
180.0 22.9 229.5 29.2 262.0 334 338.5 43.1
108.0 13.8 144.5 18.4 179.5 22.9 241.0 30.7
103.5 13.2 150.0 19.1 181.0 23.1 248.0 31.6
112.5 14.3 156.5 19.9 183.0 23.3 227.0 28.9
174.5 22.2 198.5 25.3 212.5 271 287.5 36.6
174.5 22.2 193.0 24.6 214.0 27.3 295.0 37.6
150.5 19.2 200.5 25.5 214.0 27.3 310.0 39.5




OFOP 1.2 3.4 0.6 1.5 1.9 4.8 1.5 3.4
10FOP 2.2 6.7 3.1 8.2 2.1 5.3 1.4 2.8
10F1P 1.9 6.1 1.0 2.6 1.5 3.7 1.7 3.6
10F2P 2.5 8.5 0.7 2.1 0.7 1.8 1.2 2.8
10F3P 1.2 3.8 1.4 3.9 2.3 5.6 43 9.3
10F4P 1.3 4.0 2.2 6.1 24 5.9 6.6 14.6
10F5P 2.0 6.1 1.2 3.8 1.3 3.4 2.6 5.7
20FOP 1.2 4.9 0.7 2.5 3.0 8.2 2.5 6.1
20F1P 1.0 3.7 2.3 7.9 1.1 3.3 3.3 7.6
20F2P 0.8 3.6 1.5 5.0 1.9 5.3

20F3P 1.7 7.3 1.3 4.6 3.4 9.7 1.4 33
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20F4P 13 5.0 1.6 5.4 0.6 1.6 1.6 4.0
20F5P 0.8 3.5 2.4 8.1 0.5 1.3 1.5 3.5
30F0P 14 6.9 0.1 0.5 0.7 2.2 1.5 4.0
30F1P 1.5 6.5 1.2 4.4 0.8 23 33 8.8
30F2P 0.3 13 11 3.7 0.8 2.9 2.6 6.7
30F3P 0.7 3.1 0.4 1.5 4.7 14.6 1.8 4.6
30F4P 0.6 4.2 0.8 4.0 0.2 1.0 1.4 4.5
30F5P 1.8 8.3 0.5 2.0 0.1 0.4 1.5 3.7
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OFOP

10FOP

10F1P

10F2P

10F3P

10F4P

10F5P

20FOP

5.00

4.97

5.16

4.82

4.92

5.21

4.75

4.76

4.32

4.77

491

4.81

4.35

4.66

4.70

4.29

4.45

4.60

4.90

4.67

4.73

4.72

4.72

4.89

0.10

0.21

0.25

0.07

0.19

0.16

0.12

0.10

2.77

3.17

2.79

2.63

2.61

2.77

2.51

2.47

2.26

2.83

2.97

2.87

2.37

2.63

2.58

191

1.96

2.05

3.01

2.88

2.88

3.35

3.35

3.51

0.22

0.09

0.14

0.07

0.14

0.07

0.07

0.09

2.24

2.35

2.22

0.01

2.33

2.24

2.25

2.35

2.36

2.24

0.01

2.35

2.24

2.23

2.35

2.34

2.23

0.01

2.34

2.25

2.26

2.35

2.37

2.26

0.00

2.37

2.26

2.27

2.36

2.37

2.27

0.00

2.37

2.26

2.27

2.37

2.37

2.27

0.00

2.37

2.27

2.27

2.37

2.38

2.26

0.00

2.37

2.26

2.25

2.37

2.36

2.25

0.00

2.36

2.25

2.36

0.01

0.00

0.01

0.01

0.00

0.00

0.01

0.00

2.30

2.39

2.29

0.00

2.39

2.30

231

2.39

2.39

2.30

0.00

2.38

2.30

2.29

2.38

2.37

2.29

0.01

2.36

2.30

2.32

2.37

241

2.33

0.01

2.43

2.32

2.32

2.41

2.40

2.33

0.00

241

2.32

2.32

2.40

2.38

2.32

0.00

2.38

2.32

2.33

2.38

2.43

2.33

0.00

2.42

2.32

2.32

2.42

2.43

2.33

0.00

2.44

2.33

2.44

0.00

0.00

0.00

0.01

0.01

0.00

0.01

0.01

6.20

7.04

6.24

5.90

5.84

6.19

5.60

5.52

5.08

6.38

6.72

6.47

5.38

5.96

5.83

4.34

4.46

4.66

6.81

6.53

6.50

7.53

7.56

7.89

0.47

0.19

0.28

0.18

0.30

0.16

0.17

0.20
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20F1P

20F2P

20F3P

20F4P

20F5P

30FOP

30F1P

30F2P

30F3P

5.13

5.07

5.09

5.69

5.55

5.50

6.64

6.50

6.66

5.04

4.75

5.21

4.74

4.39

4.76

4.69

4.89

4.49

4.15

4.14

4.38

4.61

4.17

4.52

4.80

4.94

4.97

0.03

0.10

0.09

0.24

0.21

0.20

0.14

0.23

0.09

3.56

3.59

3.68

3.76

3.54

3.58

4.23

4.21

4.19

2.85

2.70

2.97

3.19

2.89

3.12

3.18

3.35

3.11

2.88

2.92

1.65

3.23

2.87

3.15

1.93

2.02

1.98

0.06

0.11

0.02

0.14

0.16

0.12

0.72

0.18

0.04

2.23

2.35

2.23

0.00

2.35

2.24

2.21

2.35

2.34

2.22

0.01

2.35

2.23

2.20

2.36

2.35

2.21

0.01

2.36

2.20

2.24

2.34

2.35

2.24

0.00

2.35

2.25

2.22

2.36

2.33

2.23

0.01

2.33

2.23

2.22

2.33

2.32

2.22

0.00

2.33

2.22

2.24

2.32

2.33

2.24

0.04

2.33

2.31

2.21

2.41

2.32

2.24

0.01

2.33

2.22

2.23

2.32

2.34

2.22

0.00

2.33

2.22

2.33

0.00

0.00

0.00

0.00

231

2.42

231

0.00

2.43

2.32

2.30

2.44

2.41

2.30

0.01

2.41

231

2.29

2.43

2.43

231

0.01

2.44

2.29

2.30

2.42

2.39

2.30

0.01

2.38

2.31

2.29

241

2.39

2.30

0.00

2.39

2.30

2.29

2.39

2.39

2.29

0.00

2.40

2.29

2.30

2.38

2.39

2.30

0.02

2.39

2.34

2.29

2.40

2.38

2.30

0.01

2.39

2.29

2.27

2.39

2.33

2.27

0.00

2.33

2.27

2.33

0.00

0.00

0.00

0.00

7.94

8.02

8.23

8.31

7.88

8.00

9.31

9.32

9.21

6.38

6.04

6.68

7.08

6.45

6.96

7.06

7.44

6.91

6.45

6.53

3.79

7.14

6.44

7.00

4.30

4.48

4.41

0.15
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6.81 4.67 2.19 2.34

30F4P | 6.85 | 0.05| 4.73 [ 0.03 | 2.17 | 0.01 | 2.32
6.90 4.68 2.18 2.33
6.77 3.96 2.17 2.32
30F5P | 6.58 | 0.15| 3.89 [ 0.05 | 2.18 | 0.01 | 2.33
6.89 3.99 2.17 2.32

0.00

2.29 2.44
2.28 | 0.01 | 2.42
2.28 2.42
2.26 2.38
2.27 | 0.00 | 2.38
2.26 2.38

0.00

10.22

10.28

10.18

8.60

8.49

8.67
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5.19 3.63 2.25 2.36 2.33 2.45 8.17

OFOP 582 |032| 343 |0.19|2.22|0.02|235|0.01| 229 |0.02|240|0.03| 7.60 | 0.45
5.56 3.26 2.23 2.36 231 241 7.28
4.64 2.51 2.25 2.35 2.30 2.38 5.63

10FOP 454 (017 | 243 | 0.14 (224|000 (235|000 | 230 |0.00|237|0.01| 545 | 0.31
4.86 2.70 2.24 2.35 2.30 2.39 6.05
4.68 2.38 2.33 2.44 2.38 2.46 5.53

10F1P 435 | 0.26| 2.26 | 0.13 226 |0.04|236|005| 231 |0.04|238|0.05| 511 | 0.38
4.18 2.11 2.26 2.35 231 2.37 4.77
4.93 2.83 2.26 2.37 2.32 241 6.40

10F2P | 4.84 | 0.08 | 2.71 | 0.06 | 2.26 | 0.00 | 2.37 | 0.00 | 2.32 | 0.00 | 2.41 | 0.00 | 6.11 | 0.14
4.78 2.78 2.26 2.37 2.32 241 6.28
4.46 2.53 2.27 2.37 2.32 2.40 5.73

10F3p 5.01 | 035| 295 |0.26|2.25|0.01|2.36|0.00| 232 |0.01|241|0.00| 6.64 | 0.55
4.37 2.49 2.27 2.37 2.33 241 5.65
4.04 1.79 2.29 2.38 2.33 2.39 4.10

10F4pP 433 (0.14| 2.01 {011 |2.27 (001|237 |001| 232 |0.01|238|0.00| 455 | 0.23
4.23 1.95 2.28 2.38 2.32 2.39 4.44
4.18 2.62 2.29 2.38 2.35 2.43 5.98

10F5P | 431 | 0.15| 2.72 | 0.05|2.28|0.01|237|0.01| 234 |001|243|0.01| 6.18 | 0.10
4.48 2.69 2.27 2.37 2.33 2.42 6.10
5.34 2.89 2.25 2.37 231 2.40 6.49

20FOP 5.54 | 0.10| 3.05 | 0.09|2.24|0.00|237|0.00| 231 |0.00|241|0.01| 6.85 | 0.19
5.46 3.02 2.25 2.37 2.32 241 6.80
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20F1P

20F2P

20F3P

20F4P

20F5P

30FOP

30F1P

30F2P

30F3P

4.59 2.39 2.28 2.39 2.34 2.42 5.45
444 | 0.09| 235 [ 006|228 |001(239|001| 234 |0.01|241|0.01| 536
4.61 2.46 2.29 2.40 2.35 2.43 5.64
4.84 2.93 2.21 231 2.27 2.36 6.46
468 (013 | 286 | 0.13 222001233001 229 |0.01|237|0.01| 6.35
4.57 2.67 2.22 2.32 2.28 2.36 5.93
4.77 2.63 2.25 2.35 2.30 2.39 5.89
480 (0.21| 2,60 [ 0.13(225|0.01|235|0.00| 231 |0.00|239|0.00| 5.85
5.15 2.85 2.24 2.35 2.30 2.39 6.37
4.74 2.10 2.25 2.36 2.30 2.36 4.74
449 | 0.13| 2.05 | 0.05|2.26|0.00 236|000 230 |0.00|237|0.00| 4.62
4.56 2.01 2.25 2.35 2.30 2.36 4.54
4.65 2.35 2.24 2.35 2.29 2.37 5.27
449 | 0.08 | 2.23 | 0.06 |2.25|0.00|235|0.00| 230 |0.00|2.37|0.00| 5.03
4.62 2.29 2.25 2.35 2.30 2.37 5.14
5.97 3.33 2.23 2.36 2.30 2.40 7.40
5.76 | 0.11 | 3.22 | 0.07 | 2.22|0.01|234|0.01| 229 |0.01|2.39|0.01| 7.13
5.80 3.20 2.21 2.34 2.28 2.38 7.07
6.06 3.48 2.21 2.34 2.29 2.39 7.68
6.04 {050 | 3.25 | 0.12|2.23|0.01|236|0.01| 230 |0.01]|240|0.01| 7.25
5.18 3.31 2.23 2.34 2.30 2.40 7.37
4.44 2.20 2.22 2.32 2.27 2.33 4.89
461 | 0.12| 2,08 | 0.06|2.21|0.00|232|000| 226 |0.01|232|0.01]| 461
4.68 2.11 2.21 2.31 2.26 2.32 4.67
4.02 2.02 2.24 2.33 2.28 2.34 4.51
432 (015 2.00 | 0.04|222|001|231|001| 226 |0.01|232|0.01| 444
4.20 1.95 2.25 2.34 2.29 2.35 4.38

168



30F4P

30F5P

5.57

4.02

4.30

4.55

4.73

4.66

0.82

0.09

2.40

2.48

2.55

2.38

2.51

2.42

0.08

0.07

2.22 2.34
2,221 0.01 | 2.30
2.20 2.29
2.24 2.34
2.26 | 0.02 | 2.37
2.23 2.33

0.02

0.02

2.27

2.27

2.25

2.29

2.32

2.28

0.01

0.02

2.34 531
2.34|0.01| 5.50
2.33 5.61
2.36 531
2.40 | 0.02 | 5.69
2.36 5.40
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OFOP

10FOP

10F1P

10F2P

10F3P

10F4P

10F5P

20F0OP

20F1P

4.92

4.79

4.98

4.81

3.80

3.81

4.66

3.95

4.23

4.09

4.57

4.22

4.19

3.93

4.11

4.18

4.09

3.85

4.53

4.04

4.37

5.15

5.44

5.26

0.10

0.58

0.36

3.61

0.25

0.13

0.17

0.25

0.15

2.82

3.02

3.70

3.61

2.48

2.49

3.14

2.17

2.30

2.22

2.09

2.47

2.08

2.92

2.74

3.16

2.32

2.34

2.30

2.36

2.06

2.28

3.16

3.27

3.26

0.46

2.25

2.36

2.25

0.00

2.36

2.24

2.24

2.36

2.35

2.28

0.02

2.37

2.27

2.24

2.36

2.34

2.64

0.23

2.75

2.25

2.28

2.34

2.37

2.27

0.01

2.23

2.27

2.27

2.37

2.37

2.26

0.01

2.37

2.28

2.25

2.37

2.35

2.24

0.01

2.33

2.23

2.28

2.32

2.37

2.23

0.02

2.32

2.25

2.26

2.33

2.36

2.27

0.01

2.37

2.26

2.24

2.36

2.36

2.23

0.01

2.35

2.23

2.35

0.00

0.01

0.23

0.08

0.00

0.01

0.03

0.01

0.00

2.31

2.40

2.32

2.42

2.33

2.32

2.45

2.44

2.34

2.42

2.33

231

241

2.42

2.55

0.13

2.41

2.32

2.32

2.42

2.39

2.32

0.00

2.39

2.32

2.32

2.39

2.39

2.32

0.00

2.40

2.33

2.32

2.39

241

2.30

2.38

2.30

2.33

2.40

2.40

2.28

0.02

2.35

2.30

2.31

2.37

2.39

2.32

2.39

2.31

231

2.38

241

2.30

2.40

2.31

241

0.00

0.03

0.00

0.00

6.35

6.79

8.30

8.09

5.66

5.66

4.94

5.22

5.04

4.74

5.61

4.73

6.58

6.13

7.04

5.27

5.22

5.17

5.34

4.70

5.15

7.08

7.29

7.28

1.02

141

0.14

0.50

0.45

0.05

0.33

0.12
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20F2P

20F3P

20F4P

20F5P

30FOP

30F1P

30F2P

30F3P

5.67

6.39

6.41

3.89

4.23

3.90

4.19

4.47

4.12

3.90

4.40

4.17

3.97

4.04

4.08

3.91

4.30

4.02

4.97

4.91

4.46

5.11

5.00

4.96

0.42

0.19

0.19

0.25

0.06

0.20

0.28

0.08

3.41

3.90

4.11

1.99

2.29

1.85

2.17

2.33

2.15

1.77

2.05

1.88

1.98

2.00

1.95

1.86

2.11

1.96

2.50

2.52

2.39

2.77

2.61

2.58

0.36

0.23

0.10

0.14

0.03

0.12

0.07

0.10

2.21

2.34

2.20

0.01

2.34

2.20

2.25

2.34

2.34

2.24

0.02

2.34

2.28

2.25

2.37

2.34

2.24

0.01

2.34

2.25

2.25

2.35

2.34

2.23

0.01

2.33

2.23

2.22

2.33

231

2.22

0.00

2.31

2.22

2.25

2.31

2.33

2.22

0.01

2.32

2.23

2.23

2.32

2.34

2.23

0.00

2.34

2.24

2.21

2.34

2.32

2.22

0.01

2.34

2.22

2.33

0.00

0.02

0.00

0.01

0.00

0.01

0.00

0.01

2.29

2.39

2.28

0.00

2.40

2.29

2.29

2.42

2.35

2.30

0.02

2.37

2.33

2.29

2.38

2.36

2.30

0.00

2.37

2.30

2.29

2.37

2.35

2.28

0.01

2.34

2.28

2.27

2.33

2.32

2.26

0.00

2.32

2.26

2.29

2.32

2.34

2.27

0.01

2.33

2.27

2.29

2.33

2.36

2.29

0.00

2.36

2.29

2.27

2.36

2.35

2.28

0.01

2.36

2.28

2.36

0.01

0.02

0.00

0.01

0.00

0.01

0.00

0.01

7.53

8.58

9.04

4.47

5.14

4.23

4.88

5.23

4.86

3.99

4.57

4.20

4.39

4.45

4.33

4.18

4.69

4.38

5.58

5.61

5.35

6.10

5.81

5.74

0.77

0.47

0.21

0.29

0.06

0.26

0.15

0.19
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30F4P

30F5P

5.18 2.77 2.20 2.32 2.26 2.35 6.10

537018 | 2.77 | 0.11 | 2119 0.01 | 2.31 | 0.01 | 2.25 | 0.01 | 2.33 | 0.01 | 6.06

5.54 2.97 2.19 231 2.26 2.34 6.50
average |5.36 | [283|  [219]  J231] J226]  [234] Je22| |

5.39 2.54 2.21 2.33 2.26 2.34 5.60

487 | 0.35| 2.60 | 0.06 | 2.21 | 0.01 | 2.32 | 0.00 | 2.27 | 0.01 | 2.35 | 0.01 | 5.75

4.73 2.47 2.22 2.33 2.28 2.35 5.49

0.24

0.13
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OFOP

10FOP

10F1P

10F2P

10F3P

10F4P

10F5P

20F0OP

4.78 2.56 2.24 2.35 2.30 2.38 5.74
5.07|10.20| 2.65 (090|224 |0.01|235|0.01 2.30 0.03 | 2.38 | 0.06 | 5.94
5.17 4.17 2.26 2.37 2.35 2.49 9.40
5.17 1.95 2.34 2.46 2.39 2.46 4.58
5.0810.05| 2.02 |0.03|221|0.07|233]|0.07 2.26 0.07 | 232 | 0.07 | 4.46
5.16 1.96 2.25 2.36 2.29 2.35 4.41
4.37 1.56 2.24 2.33 2.27 2.32 3.48
3.67|035| 131 |0.13]2.27|0.02|235|0.01 2.30 0.01|2.34|0.01| 297
3.95 1.37 2.26 2.35 2.29 2.33 3.09
4.67 2.84 2.26 2.37 2.33 2.42 6.43
489|018 | 2.79 |0.11|2.27|0.01|2.38|0.01 2.33 0.00 | 2.42 | 0.00 | 6.33
5.03 2.99 2.26 2.37 2.32 2.42 6.75
4.82 2.62 2.24 2.35 2.30 2.38 5.86
3.69|1.10| 152 |1.08]2.27|0.02|2.35|0.02 231 0.02 | 235 | 0.05 | 3.45
2.62 0.46 2.26 2.32 2.27 2.28 1.04
3.22 1.47 2.28 2.35 231 2.35 3.35
333|016 | 1.73 |(0.17|2.29|0.01| 2.36 | 0.01 2.33 0.01|2.38|0.01| 3.96
3.01 1.42 2.29 2.35 2.32 2.36 3.25
3.38 1.56 2.28 2.36 2.32 2.37 3.56
3.52|0.08| 157 |(0.01]227|0.01|235|0.01 231 0.01 | 2.36|0.01| 3.57
3.52 1.57 2.27 2.35 231 2.36 3.57
3.38 0.82 2.29 2.36 2.30 2.33 1.87
5.20|1.07| 254 |1.02|225|0.02|2.37|0.00 231 0.00 | 2.38 | 0.03 | 5.72
5.27 2.62 2.24 2.36 2.30 2.38 5.87

2.06

0.09

0.27

0.22

2.41

0.39

0.01

2.27
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20F1P

20F2P

20F3P

20F4P

20F5P

30F0OP

30F1P

30F2P

30F3P

3.30 1.68 2.28 2.36 2.32 2.37 3.84
331|004 167 (001|228 |0.01|235|0.01 231 0.01|237|0.01| 3.80
3.24 1.67 2.30 2.37 2.33 2.39 3.84
3.12 1.63 2.28 2.35 231 2.36 3.72
355|022 | 192 (014|227 |0.01|235|0.01 231 0.01 237|001 | 435
3.44 1.75 2.29 2.37 2.33 2.38 4.00
3.55 1.83 2.27 2.35 231 2.37 4.15
346 | 0.05| 1.76 |0.05]|2.28|0.01|2.36|0.01 2.32 0.01 238 |0.01| 4.01
3.45 1.86 2.27 2.35 231 2.37 4.22
3.84 2.06 2.27 2.35 231 2.38 4.68
3.58|0.23| 189 |0.16 |2.27|0.01| 2.36 | 0.00 2.32 0.00 | 2.38 | 0.00 | 4.30
4.03 2.22 2.26 2.35 231 2.38 5.01
3.78 2.14 2.26 2.35 231 2.38 4.85
359|014 | 2.02 |0.08|226|0.00|2.35]|0.00 2.31 0.00 | 2.37 | 0.00 | 4.58
3.87 2.16 2.26 2.35 2.31 2.38 4.88
3.73 2.12 2.25 2.33 2.30 2.36 4.76
3.63|0.44| 103 |1.41]232|0.07|2.40|0.06 2.34 0.04 | 237 |0.01| 240
4.44 3.84 2.19 2.28 2.27 2.39 8.39
3.23 1.86 2.28 2.36 2.32 2.38 4.24
333|009 192 (005]|2.27|0.01|234|0.01 2.31 0.01 237|001 | 435
3.42 1.96 2.27 2.35 2.31 2.37 4.44
2.63 1.31 2.28 2.34 2.31 2.35 2.99
295]0.21| 152 |(0.15|2.28|0.01|235|0.01 2.31 0.01 | 2.36|0.01| 3.47
2.55 1.23 2.30 2.36 2.33 2.36 2.82
2.95 1.43 2.23 2.30 2.26 2.31 3.19
331|018 | 144 |0.03|2.21|0.01|228|0.01 2.24 0.01| 228 | 0.01| 3.18
3.13 1.39 2.22 2.28 2.25 2.29 3.07

0.02

0.32

0.11

0.35

0.17

3.02

0.10

0.34

0.07
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3.11 1.33

30F4P |3.31|0.14 | 144
3.05 1.27
3.12 1.26
30F5P | 2.87 | 0.16 | 1.15
2.82 1.17

0.08

0.06

2.21 2.28
2.21 | 0.00 | 2.29
2.22 2.29
2.22 2.29
2.23 1 0.00 | 2.29
2.23 2.29

0.00

0.00

2.24

2.24

2.25

2.25

2.25

2.25

0.00

0.00

2.28 2.93
2.28 | 0.00 | 3.18
2.29 2.83
2.28 2.80
2.28 |1 0.00 | 2.56
2.28 2.60

0.18

0.13

175



APPENDIX #2

Series#2

A20FOP

10.0

20.165

11

2177.9

1.41

14.1

A20F2P

8.5

20.205

15

2183.6

3.7

A20F5P

3.4

3.2

34

19.81

13

2127.1

0.25

7.3

2

A20F10P

2.3

2.1

2.1

19.79

6.5

2124.3

0.15

7.2

* weight of container- 4.92 kg
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A20F0P

A20F2P

A20F5P

A20F10P

A20F0P 1.69 104 2.03 9.3 0.30 11
A20F2P 2.09 11.8 0.80 3.4 0.26 0.8
A20F5P 0.62 2.4 5.85 16.2 0.75 1.8
A20F10P 2.50 9.5 2.33 6.2 4.63 10.6

177

140.5 17.9 187.5 23.9 210.5 26.8
114.0 14.5 168.0 214 209.5 26.7
127.5 16.2 156.0 19.9 206.0 26.2
156.5 19.9 177.5 22.6 241.5 30.8
133.0 16.9 190.0 24.2 244.0 311
125.0 15.9 184.0 234 245.5 313
194.0 24.7 257.0 32.7 326.5 41.6
203.5 25.9 335.5 42.7 3245 41.3
197.0 25.1 255.0 32.5 315.5 40.2
218.5 27.8 275.0 35.0 357.0 45.5
214.0 27.3 311.5 39.7 330.0 42.0
182.5 23.2 296.0 37.7 402.0 51.2




A20FOP

A20F2P

A20F5P

A20F10P

5.04 2.61 2.08 2.19 2.14 2.20 5.43
5.040.20| 224 |032|209|001|219|0.01| 2.13 |0.00|2.19|0.01| 4.69
5.38 2.89 2.07 2.18 2.13 2.20 5.97
5.53 3.15 2.05 2.17 2.12 2.19 6.47
5.69|0.09| 3.22 |0.17|205|0.01(217|0.01| 2.12 | 0.00| 2.20 | 0.00 | 6.61
5.55 2.89 2.06 2.18 2.12 2.19 5.97
4.54 2.56 2.23 2.33 2.29 2.36 5.70
428 | 0.16 | 230 |0.13|2.28|0.03|238|003| 234 |0.03|241|0.03| 525
4.58 2.46 2.23 2.34 2.29 2.36 5.49
4.62 2.54 2.23 2.34 2.29 2.37 5.67
448 | 0.12 | 251 |0.06|2.24|0.01|234|001| 230 |0.01|238|0.01| 563
4.38 2.43 2.24 2.33 2.29 2.36 5.43

0.65

0.34

0.23

0.13
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A20FOP

A20F2P

A20F5P

A20F10P

471 231 2.07 217 2.12 217 4.78
(o] (o] i
471 | © | 867 | @ | 181 | = | 189 | 2| 196 | S 214 | S | 15640s
o o o o o o ignored)
4.59 2.24 2.08 217 213 218 4.66
4.81 2.42 2.08 218 213 2.19 5.04
(o] ™~ o o o o
448 | N [215 | 9 [207 | 8 [216 | & 211 | & 217 | @ | 244
o o o o o o
4.40 212 212 2.21 217 2.22 4.50
3.79 1.97 224 232 2.28 234 4.40
< LN — o — —
372 | N [187 | & [ 225 | @ [ 2338229 | © 234 | @ | 419
o o o o o o
3.35 1.91 2.25 233 2.30 2.35 431
3.28 2.06 2.27 234 231 238 4.67
wn o0 — — — —
343 | 4 | 193 | 8 [225| © [233 |3 230 | 3 236 | © | 436
o o o o o o
3.59 1.91 2.25 233 2.29 235 4.29

0.09

0.33

0.11

0.20
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4.20 2.20 2.10 2.18 2.14 2.20 4.62

- N o o o o —
A20F0P 421 | 2| 225 S 1210 < 218 | © 2.14 S 1220 |2 472 F!
o o o o o o o

4.20 2.30 2.10 2.19 2.15 2.20 4.83

3.94 2.08 2.10 2.18 2.14 2.20 4.37
(o)) o — — i i (o]
A20F2P 376 | 2| 2.02 e 1211 < 219 | © 2.15 Q] 220 | 2| 4.26 Q
o o o o o o o

3.88 2.05 2.11 2.20 2.16 2.21 4.33

2.92 1.79 2.25 231 2.29 2.34 4.03
a o o~ — - o o
A20F5P 314 || 1.98 = 1223 | < 230 | © 2.28 Q| 234 | Q| 442 <
o o o o o o o

3.50 2.18 2.21 2.29 2.26 2.33 4.83

3.42 1.74 2.23 231 2.27 2.32 3.88
< (@V] — i i — <
A20F10P 3.09 | Y| 1.59 1225 | 2 232 | © 2.28 S |1233 | 2| 357 N
o o o o o o o

2.95 1.50 2.26 2.33 2.29 2.34 3.40
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APPENDIX #3

Series#3

9 20.48 2222.9

AOF-G 8.5 8.7 20.48 8 2222.9 2223 0.29 3.3
8.5 20.48 2222.9
12 19.66 2105.7

A10F-G 12 12.0 19.66 14 2105.7 2106 0.00 0.0
12 19.66 2105.7
13 19.54 2088.6

A20F-G 13 13.0 19.54 17 2088.6 2089 0.00 0.0
13 19.54 2088.6
9.7 20 2154.3

A30F-G 9.8 9.8 20 18 21543 2154 0.153 1.6
10 20 21543
11.7 19.62 2100.0

A40F-G 11.1 11.3 19.62 19 2100.0 2100 0.32 2.8
11.2 19.62 2100.0
11.8 19.5 2082.9

AS50F-G 11.7 11.8 19.5 20 2082.9 2083 0.15 1.3
12 19.5 2082.9
9.7 19.89 2138.6

A60F-G 9.8 9.7 19.89 22 2138.6 2139 0.10 1.03
9.6 19.89 2138.6
10 19.56 2091.4

A70F-G 10.2 10.1 19.56 16 2091.4 2091 0.12 11
10 19.56 2091.4
9.1 19.62 2100.0

A80F-G 9 9.1 19.62 18 2100.0 2100 0.07 0.8
19.62 2100.0

* weight of container=4.92 kg
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AOF-G

Al10F-G

A20F-G

A30F-G

A40F-G

A50F-G

A60F-G

A70F-G

A80F-G

151.0 19.2 221.6 28.2 230.5 29.4 248.8 31.7
149.0 19.0 197.6 25.2 261.9 334 234.5 29.9
152.0 19.4 193.1 24.6 236.9 30.2 233.0 29.7
95.0 12.1 131.7 16.8 164.9 21.0 167.2 213
86.5 11.0 136.8 17.4 151.0 19.2 170.5 21.7
90.5 11.5 139.9 17.8 148.9 19.0 190.7 24.3
87.7 11.2 119.0 15.2 138.0 17.6 178.3 22.7
84.3 10.7 118.0 15.0 152.3 19.4 166.5 21.2
83.0 10.6 124.0 15.8 136.3 17.4 167.8 214
71.3 9.1 116.0 14.8 151.8 19.3 191.1 24.3
57.7 7.4 114.4 14.6 152.2 19.4 186.3 23.7
66.4 8.5 115.5 14.7 162.7 20.7 192.5 24.5
36.7 4.7 80.3 10.2 117.7 15.0 152.7 19.5
32.9 4.2 82.3 10.5 127.8 16.3 135.6 17.3
34.2 4.4 84.2 10.7 119.1 15.2 145.5 18.5
38.5 4.9 61.9 7.9 84.7 10.8 118.6 15.1
33.0 4.2 61.1 7.8 88.2 11.2 102.8 13.1
28.8 3.7 67.8 8.6 94.1 12.0 115.6 14.7
38.1 4.9 60.7 7.7 83.1 10.6 104 13.2
36.5 4.6 61.5 7.8 87.0 111 117.2 14.9
40.2 5.1 59.3 7.6 90.2 11.5 110.9 141
221 2.8 44.8 5.7 71.2 9.1 103.9 13.2
21.8 2.8 42.5 5.4 68.4 8.7 99.6 12.7
22.7 2.9 43.3 5.5 75.4 9.6 102 13.0
8.4 1.1 34.3 4.4 40.8 5.2 70.1 8.9
9.5 1.2 35.3 4.5 42.1 5.4 74.3 9.5
10.2 1.3 35.0 4.5 40.7 5.2 78.3 10.0
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AOF-G 0.19 1.01 1.95 7.51 211 6.83 1.11 3.65
Al10F-G 0.54 4.69 0.53 3.04 111 5.61 1.62 7.22
A20F-G 0.31 2.86 0.41 2.67 1.12 6.18 0.82 3.79
A30F-G 0.88 10.58 0.10 0.71 0.79 3.97 0.41 1.71
A40F-G 0.25 5.58 0.25 2.37 0.70 4.50 1.09 5.94
A50F-G 0.62 14.55 0.47 5.75 0.61 5.34 1.07 7.47
A60F-G 0.24 4.85 0.14 1.84 0.45 4.10 0.84 5.96
A70F-G 0.06 2.06 0.15 2.68 0.45 4.92 0.27 2.12
A80F-G 0.12 9.82 0.07 1.47 0.10 1.90 0.52 5.52
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AOF-G

A10F-G

A20F-G

A30F-G

A40F-G

A50F-G

A60F-G

A70F-G

A80F-G

5.21

0.15

2.89

0.12

2.13

0.01 | 224

2.19

2.27

6.16

6.49 | 010 | 423 | 003 | 202|000 |215| 001 | 210 | 0.00 | 2.21 | 0.00 | 8.53
6.69 4.25 2.02 2.16 2.11 2.21 8.60
6.40 4.18 1.98 2.11 2.07 2.16 8.29
6.60 | 0.10 | 428 | 0.09 | 198 | 0.01 | 2.11 | 0.01 | 2,06 | 0.01 | 2.16 | 0.02 | 8.47
6.47 4.36 2.00 2.13 2.08 2.19 8.71
6.93 4.92 2.02 2.15 2.11 2.24 9.92
6.80 | 009 | 479 | 007 | 203|001 216 | 001 | 2.12 | 001 | 224 | 001 | 9.71
6.75 4.84 2.03 2.16 2.13 2.25 9.82
7.27 5.21 1.98 2.12 2.08 2.20 10.30
7.09 | 011 | 497 | 013 | 199 | 001 | 2,13 | 001 | 2.09 | 0.00 | 2.21 | 0.00 | 9.89
7.08 5.02 1.99 2.13 2.09 2.21 9.96
6.71 3.52 1.98 2.12 2.05 2.13 6.98
692 | 0.12 | 3.67 | 0.09 | 198 | 0.01 | 2.11 | 0.01 | 2.05 | 0.01 | 2.13 | 0.01 | 7.25
6.89 3.69 1.97 2.10 2.04 2.12 7.26
6.26 4.52 2.03 2.16 2.12 2.24 9.18
6.41 | 0.11 | 476 | 0.17 | 2.02 | 0.01 | 2.14 | 0.01 | 2.11 | 0.01 | 2.23 | 0.01 | 9.60
6.47 4.85 2.01 2.14 2.11 2.23 9.73
7.57 5.60 191 2.06 2.02 2.14 10.72
7.25 | 398 | 534 | 022|191 001 |205| 0.09 | 2.01 | 0.01 | 2.13 | 0.01 | 10.20
14.30 5.16 1.93 2.20 2.03 2.14 9.95
7.43 5.37 1.93 2.07 2.03 2.15 10.33
7.23 | 0.16 | 5.24 | 0.07 | 1.93 | 0.00 | 2.07 | 0.00 | 2.03 | 0.00 | 2.14 | 0.00 | 10.09
7.54 5.34 1.93 2.07 2.03 2.15 10.29

0.11

0.16

0.13
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AOF-G

A10F-G

A20F-G

A30F-G

A40F-G

A50F-G

A60F-G

A70F-G

A80F-G

5.34 1.83 2.14 2.25 2.18 2.23 3.92
5.07|0.14| 1.71|0.06 |2.14|0.01 | 225| 001 |2.18 |0.01|2.22 |0.01| 3.67
5.24 1.78 2.15 2.26 2.19 2.24 3.83
6.30 3.82 2.01 2.14 2.09 2.18 7.69
592 (021} 352015201001 |213| 001 |209|0.01|217|0.01| 7.10
5.94 3.72 2.00 2.12 2.07 2.16 7.44
6.04 3.62 1.97 2.08 2.04 2.12 7.12
6.08 | 0.05 | 3.66|0.04 | 197 |0.00|2.08| 0.00 |2.04|0.00|2.12|0.00| 7.19
6.14 3.70 1.96 2.08 2.03 2.11 7.26
5.86 3.65 2.04 2.16 2.12 2.21 7.47
5.57|0.17| 3,63 |0.02|2.04|001216| 001 |2.12|0.01|2.21|0.01| 742
5.55 3.61 2.05 2.17 2.13 2.22 7.40
6.25 3.49 1.98 2.10 2.05 2.13 6.91
597 (036 | 3.36|0.23 |200|0.01|212| 001 |206|001]214|0.01]| 6.71
6.68 3.82 1.97 2.10 2.04 2.13 7.51
4.96 4.03 1.97 2.07 2.05 2.14 7.94
598 (053 | 431|014 197|001 |2.08| 001 |2.05|0.01|215|0.01| 848
5.72 4.13 1.98 2.10 2.07 2.16 8.19
6.34 4.82 2.02 2.15 2.12 2.24 9.74
6.00 | 0.20 | 458 |0.15|2.04|0.01 216 | 001 |2.13|0.01|2.25|0.01| 9.33
5.98 4.56 2.05 2.17 2.14 2.26 9.32
7.67 5.83 2.06 2.22 2.18 2.35 12.04
10.77 | 3.59 | 5.48 |0.29 |194|0.07 | 2.15| 0.11 | 2.05|0.08 | 2.17 | 0.10 | 10.64
3.60 5.26 1.94 2.01 2.05 2.16 10.22
7.37 5.33 1.96 2.10 2.06 2.18 10.42
12.30 | 2.88 | 10.15 | 2.86 | 1.87 | 0.05 | 2.10 | 0.00 | 2.06 | 0.00 | 2.31 | 0.08 | 19.01
7.27 5.08 1.96 2.10 2.06 2.17 9.94

0.13

5.10
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AOF-G

Al10F-G

A20F-G

A30F-G

A40F-G

A50F-G

A60F-G

A70F-G

A80F-G

5.24 3.17 211 2.22 2.18 2.26 6.70
532|016 331 |0.10|2.28|0.10| 2.40 | 0.10 | 2.35 | 0.10 | 2.46 | 0.11 | 7.53
5.55 3.37 211 2.23 2.18 2.27 7.12
5.99 3.19 2.04 2.16 2.10 2.18 6.50
6.04 | 053 | 3.63 | 0.84|201|001| 2.214 | 0.01 | 2.09 |0.01 | 2.17 | 0.03 | 7.31
6.94 4.82 2.01 2.15 2.11 2.23 9.69
6.39 4.21 1.90 2.03 1.98 2.07 8.01
6.34 | 0.04 | 405 |0.08|192|0.01| 2.04 | 0.01 | 1.99 |0.01|2.08 |0.01| 7.77
6.31 4.16 1.92 2.04 2.00 2.09 8.00
6.28 7.86 191 2.03 2.06 2.25 15.01
6.52 1 0.22 | 452 |189|203|0.07| 2.17 | 0.08 | 2.13 | 0.03 | 2.24 | 0.01 | 9.20
6.72 4.66 2.02 2.15 211 2.22 9.39
8.00 4.47 1.99 2.15 2.08 2.18 8.89
7.29 1071 | 457 | 005|198 |0.01| 2.12 | 0.02 | 2.07 | 0.01 | 2.18 | 0.01 | 9.04
6.57 4.48 1.97 2.10 2.06 2.16 8.84
6.70 4.64 1.96 2.09 2.05 2.16 9.10
6.50 | 0.10 | 449 | 0.07|197|0.01| 2.10 | 0.00 | 2.06 | 0.00 | 2.17 | 0.00 | 8.87
6.60 4.57 1.97 2.10 2.06 2.16 9.00
4.27 2.72 2.00 2.09 2.06 2.12 5.44
436 | 005| 284 |0.07|2.02|0.01| 2.11 | 001 | 2.08 | 0.01 | 2.14 | 0.01 | 5.74
4.32 2.84 2.02 211 2.08 2.14 5.74
5.06 3.62 1.96 2.06 2.03 211 7.11
493 015 3.37 | 0.18|2.01|0.03| 2.11 | 0.02 | 2.08 | 0.02 | 2.15 | 0.02 | 6.77
5.23 3.72 1.97 2.07 2.04 2.12 7.30
6.63 4.43 1.96 2.09 2.05 2.15 8.70
6.71 1 0.19 | 451 |0.09|195|0.01| 2.08 | 0.00 | 2.04 | 0.00 | 2.14 | 0.00 | 8.81
6.34 4.33 1.97 2.09 2.05 2.15 8.51

0.42

1.66

0.14

3.30

0.11

0.12

0.17

0.27

0.15
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5.60 4.16 2.09 00 2.20 2.17 2.28 8.67
AOF-G |5.62 |0.02| 3.87 |0.15]| 2.10 1 222 | 0.01| 2.18 |0.01| 2.28 |0.01 | 812 | 0.30
5.64 4.11 2.10 2.22 2.18 2.30 8.62
3.38 1.89 -0.24 -0.24 -0.24 -0.23 )

1.3 0.44

AL0F-G [ 2571089 37571075 (501 o 2111136 [ 207 | 134 215 | 138 [g39 | 3-96
4.95 3.20 2.01 2.11 2.07 2.15 6.43
4.90 2.66 1.98 00 2.08 2.03 2.09 5.28

A20F-G | 4.83 | 0.04 | 2.73 |0.04| 1.96 1 2.06 | 0.01| 2.02 |0.01| 2.07 |0.01| 5.35 | 0.07
4.90 2.74 1.97 2.07 2.03 2.09 5.41
4.09 2.62 2.04 00 2.13 2.10 2.16 5.35

A30F-G | 4.21 | 0.07 | 2.67 |0.03| 2.05 (') 2.13 | 0.00| 2.10 |0.00| 2.17 | 0.00 | 5.47 | 0.07
4.22 2.62 2.05 2.13 2.10 2.16 5.36
4.18 2.62 2.05 00 2.13 2.10 2.16 5.36

A4OF-G | 3.76 | 0.66 | 2.30 | 0.18 | 2.04 1 2.12 | 0.03| 2.09 |0.02| 2.14 |0.02 | 4.70 | 0.38
2.88 2.32 2.02 2.08 2.07 2.12 4.70
4.59 2.50 1.99 00 2.09 2.04 2.10 4.99

A50F-G | 429 [ 0.18 | 2.41 | 0.05| 1.97 1 2.06 | 0.02| 2.02 |0.01| 2.07 | 002 | 4.77 | 0.13
4.60 2.50 2.00 2.09 2.05 2.10 5.00
3.98 2.40 2.06 00 2.14 2.11 2.16 4.94

A6OF-G | 435 |0.21| 2.61 |0.11| 2.06 1 2.15 | 0.01| 2.12 |0.01| 2.18 |0.01 | 5.38 | 0.24
4.33 2.58 2.07 2.16 2.12 2.19 5.34
5.29 3.62 2.01 00 2.12 2.09 2.17 7.28

A70F-G | 1.83 | 1.73 | 0.15 | 1.73 | 2.08 3 2.11 | 0.01| 2.08 |0.01| 2.08 |0.05| 0.32 | 3.48
3.55 1.84 2.06 2.13 2.10 2.14 3.78
4.38 1.84 2.04 00 2.13 2.08 2.12 3.75

ASOF-G | 4.51 | 0.07 | 2.98 |1.02 | 1.99 2; 2.08 | 0.04| 2.05 |0.02| 2.12 | 0.00 | 594 | 1.99
4.50 0.95 2.07 2.17 2.09 2.11 1.97
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