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SUMMARY

This thesis describes improvements on newly-diseal/@igh-strength pozzolan-
based materials fabricated via a low-cost chemigattion that takes place between 90
and 115°C for 3 to 24 hours. The reported results focuspomzolan constituents
acquired from Coal Combustion Products (CCPs) sischenospheres, fly ash C and F,
as well as bottom ash. The thesis reports on vatgpes of these materials with specific
gravity ranging from 0.5 to 1.6; compressive sttbrmanging from 300 to 3600 psi, and
compressive modulus ranging from 50 to 240 ksiaddition to their good mechanical
properties under compression that are attractive tie@ building and construction
industries, the materials further exhibit great epdial for applications as energy
absorption cores in sandwich construction thatedextend their value in other industries
including the automotive and aerospace industfes.example, the load-displacement
curve exhibits a short elastic zone followed byagl load-plateau; while the materials
crush through a controlled vertical cracking precesdditionally, an attempt was made
to further decrease the manufacturing cost of theerral by investigating incorporation
of chemicals that accelerates dehydration of theure. One such successful chemical
reported in this thesis is aluminum phosphate; evitiis not conclusive how the chemical

improves any major property.
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CHAPTER 1

INTRODUCTION

In a world where sustainability has become commakycviable, building and
construction industries have to adapt and respandhé changing societal-driven
regulations. It is, for example, being increasingiyisidered environmentally-responsible
to attempt to reduce the excessive consumptionirginvraw materials by traditional
construction materials such as concrete, wood, eaapthalt. Also, as one of the major
carbon dioxide emitting processes, calcination ikatised in cement production has
inspired a movement towards the lowering of the @mbhoof cement in concrete.
Numerous investigations continue to create sosaraness that cement manufacturing
has non-negligible negative environmental impatte negative environmental effects
caused by the cement industry are covered by nummepablications (e.g. Malhotra,
2005, ACI Board Advisory Committee on Sustainabkv&opment, 2005). It has been
proven for instance that the heating of calciumbonaate during calcination releases
significant amounts of carbon dioxide into the adpitere. Some estimates project that
the cement industry emits nearly 900 kg of ,G@ every 1000 kg of cement produced
(Mahasenan and Smith, 2003). It has been statédhtdaement industry is responsible
for the release of 5% of the total man-made, @@ the atmosphere (World Business
Council for Sustainable Development, 2002). Moreptree calcination process occurs at
elevated temperatures and therefore requires gigntfenergy which is mainly provided
by fossil fuels, such as coal and petroleum.

In a similar context, the logging of trees for liem, mining, biofuels and
infrastructure development reduces the earth’s@gpe absorb carbon dioxide. Indeed,
via photosynthesis, trees are able to convert carBoxide into oxygen thereby

contributing to the maintenance of atmospheric ldqium (Singhal and Renger, 2006).



By reducing tree densities around the globe thratigher mining and other forms of
deforestation, nature’s capability to absorb COhighly compromised. A little more
than a decade ago, some experts claimed that defbom only had a minor effect on
global warming (Moran, 1993); but with the emergentthe Big Emerging Markets and
accelerated development that go hand in hand witkst removal, such claims may be
outdated. For example, in a recent study; it wasvshthat the incineration of trees as a
means of forest clearance for construction, howaedeases, in a much more direct way,
substantial amounts of CO2 (Fearnside and Laur&i®}). In addition, massive wood
utilization leading to deforestation for constrocti purposes has dramatic negative
environmental impacts on biodiversity. As a matiefact, countless species disappear
every day during the deforestation process (WWBS20

Furthermore, nowadays, most of the roads in deeelacountries are made of
asphalt which is an oil-based material. The manufaty process of this material causes
the release of toxic gases into the atmospheragltossil fuel burning and is responsible
for the consumption of virgin materials such ametaggregates, sand, and crude oil.
There exists a need for a new material in the mgléind construction industries which
could exhibit good mechanical properties and whosnufacturing and operational
process would be sustainable and environmentadwdiy. The concept of green
building and green construction has soared in modienes. What makes a building
“green” is essentially its location, its energy @y its construction materials, and its
water efficiency. Several studies have outlined leeefits of green construction. For
instance, it has been demonstrated that sustaibabltings have positive effects on the
occupants’ health by decreasing the risk of resmiyaproblems, as well as increasing
their general productivity. There are also som@nemic benefits; while green buildings
may be more costly than traditional buildings ie teginning, their low operating costs
make them cheaper than regular building over tiReq and Bilec, 2006, Paul and

Taylor, 2008). The US Green Building Council hagaleped a means of evaluating the



degree of “greenness” of a project or building. isTis known as the Leadership in
Energy and Environmental Design (LEED) green boddrating system. The LEED
designation has been nationally accepted and isrespected by the entire profession.
As far as energy needs are concerned, a mategalohiamit thermal transfer for better
energy efficiency in order to be certified as aggn material”. In addition, several other
criteria have been developed. For instance, themahused must be recyclable in order
to reduce waste, it must limit the disruption ofumal water flow, and its transportation
and manufacturing must have low environmental ingpdecently, the development of a
potential green competitor to concrete has beesubgect of numerous investigations by
taking advantage of the pozzolanic reaction [ ASIBEpozzolan is a material which can
combine with calcium oxide to exhibit cementitiopsoperties]. The general aim is
usually to partially replace cement with some pt¢ezomaterials such as fly ash,
granulated blast furnace slag, condensed silicaefumn rice hull ash (Tanyildizi and
Coskun, 2008, Yazici and Yigiter, 2008). Howevérosg and competitive building and
construction materials that do not contain cemeatlaemain rare.

Fox example, the attempt of replacing a part oftthek clay (mixture of clay and
sand) with fly ash in bricks has not convinced tha&sonry community yet. In a study
performed in 2001 (Fatih, 2001), it was concludedt the addition of fly ash had no
significant harmful effects on the brick quality tbno improvement was witnessed.
Bricks were manufactured by the autoclaving metaioithe molding pressure of 4350 psi
(30 MPa or 296 atm) at temperatures of 750, 8509483 C. Bricks containing 50 and
60% fly ash in mass had relatively low compressivength (6 to 11 MPa or 870 to 1600
psi) with specific gravities ranging from 1.31 t38. In addition, Fatih observed that fly
ash bricks tended to fail unexpectedly in a highstooe environment, due do a chemical
reaction which caused bricks to expand. Finalljieoissues, such as a low resistance to
abrasion or fire, occurred. However, in 2007, a geweration of fly ash bricks has been

presented to the masonry committee (Liu, 2007)etbam fly ash C and water only, the



new bricks require to be cured for 24 hours in &@6team bath at a pressure of 4,000
psi (28 MPa or 272 atm). Due to the current licegsof the discovery, no data
concerning the bricks weight (although the spedifiavity of fly ash C is reported to
range from 2.1 to 3) and strength are availabjgegent.

Coal Combustion Products (CCPs) are by-producth@fcombustion of coal in
electric power plants. They can be classified fotor categories: fly ash, bottom ash, flue
gas desulfurization (FGD) materials and boiler slag2006, 113.2 million of tons of
CCPs were produced in the United States, 43% ofiwhere used beneficially while the
rest were disposed (American Coal Ash AssociatiddQ6)(Table 1), mainly into
landfills and storage lagoons. Much of this asth@wever, capable of being recovered
and used, which makes it an almost inexhaustiblematerial for new applications. In
developing countries such as India, coal combusgomains the most common source of
electricity. The coal used in India (mainly bituraus and sub-bituminous) is usually of
low-quality and contains over 40% ash. Such cirdanmes result in the production of
huge amounts of fly ash (more than 180 million @fig per year) and the country is
desperately looking for a way to use it economjc@Mukherjeeand Zevenhoven, 2006)
(Table 2). In South Africa, although the countrgltame to realize the importance of the
use of CCPs and started to use fly ash to manutadilended cements and as a
supplementary cementitious material in concrete,ghantity of fly ash reused remains
negligible and bottom ash is practically unusegrasent (SACAA, 2008) (Table 2). In
Europe (EU 15), the reuse of coal ash is more camréb million tons of CCPs were
produced in 2003 (European Coal Ash Associatio®320around half of which had an

application in the construction industry and in ergtound mining (Table 3).



Table 1: 2006 Coal combustion products productimhse in the United States (ACAA,

2006)

CCP Fly Ash Bottam Ash  |Flue Gas Desulfurization Boiler Slag Total
Froduction (M) B5.7 16.9 28.8 1.8 113.2
Usage (M) 29.4 /B 10.6 1.5 491
% Usage 45 45 37 g3 43

Table 2: 2005 coal consumption, CCP productionus®lin several countries (ACAA,
ECOBA, SACAA, World Energy Council, Mukherjead Zevenhoven, 2006)

Country Coal Consumption (Mt) | CCP released (Mt) | % CCP reused | % CCP reused in construction
LISA 1021 112 40 35
Eurape (15) 520 55 g9 52
South Africa 174 47 10 =B
India 450 = 180 2 !

Table 3: Utilization and disposal of CCPs in Eur@pll 15) in 2003 (ECOBA, 2003)

Construction Industry  |Restoration of Open Cast Mines, | Tempoarary| Disposal | Total
and Underground Mining Cluarries and Pits Stockpile
CCP used (M) 34.1 233 52 2.4 BS
% CCP used 524 358 g 3.7 100

CCPs have a wide range of applications in thetoactson industry; they can be
used as a replacement for Portland cement, asgajgse as embankments, structural fill,
or as blasting grit. CCPs can also be used tolzalsioft soils, or they can be used in ice
and snow control. In particular, the use of fly @sha partial replacement for Portland
cement is generally limited to Class F fly ashcdnh replace up to 30% of the mass of
Portland cement and can add to concrete’s finahgth, as well as increase its chemical
resistance and durability. Concrete based on flycasnent can therefore contain up to
15% fly ash by volume. A massive use of CCPs wadeddl to the recovery of millions
of acres of land currently used for CCP disposathke construction field, the use of fly
ash as a replacement for cement would lead torafisent decrease of CQeleased in
the atmosphere during the cement manufacturingegeoMahasenan and Smith, 2003,

Malhotra, 2005).



This thesis presents additional investigations dmigh-strength material that is
completely cement-free, which uses pozzolan padiflom coal combustion products as
aggregates and is manufactured without autoclaBimge the material uses pozzolans as
aggregates while being as strong as concrete, oiniges a more sustainable and

environmentally-friendly alternative to concrete.



CHAPTER 2

MATERIALS

A new series of lightweight materials based on €QdRs recently been
discovered and will be presented in this thesiesEmew aluminosilicates are based on
natural pozzolanic materials. The different matercntain from 50% to 80% of CCPs
by volume, exhibit excellent physical propertieslurding lightweight, high strength and
excellent sound and thermal insulation propertidse coal ashes are predominantly
made up of four constituents: SIAAI,O03, Fe&Oz and CaO. The relative quantity of each
constituent depends essentially upon the coal whrckluced the ashes (Table 4). The
use of three types of cenospheres (Grade 500, 501046j, the use of fly ash C and F,

and the use of bottom ash as pozzolan particlébavppresented in this thesis.

Table 4: Chemical composition of different typesoél

Coal | Bituminous | Sub-Bituminous | Lignite
Y% Si02 20-60 40-60 15-45
Yo AlZ03 5-35 20-30 20-25
Y Fe2i3 10-40 4-10 4-15

% Cal 1-12 £-30 15-40

Cenospheres are lightweight (0.35-0.45g/cc), molmd spherical microspheres,
which can be extracted from fly ash. The cenosghesed in the research were provided
by Trelleborg Fillite Ltd, the world’s largest sy of cenospheres. The three types of
cenospheres used in the research have the saméahproperties which are tabulated
in Table 5. The cenospheres only differ in theipkartsize range and distribution (Table

6).



Table 5: Chemical composition of CCPs used in #search: (A) cenospheres; (B) fly
ash; (C) bottom ash

S0z Al203 Fezl3 k20 Mazl Cal Mg Tic2
A5-B5% | 27-33% | B% max 5% 1% 0.5% 1.5% 1%

(A)

Chemical Compaosition
Si02 % |AIZO3 %|Fe203 %[ Cal % MgD % [S03 %|MNa20 %|K20 %] Others %
Fly Ash C| 3578 | 1767 614 [ 2558 | B22 | 223 | 184 | 048 4.06
Fly Ash F| 5381 | Zh.86 §.52 1.41 108 | 017 [ 045 [ 312 4.58

(B)

S0z AlDz | Fe2O3 | MgO Cal [ Na20 | K20
45 - 65 %20 -30 % |5 -15 % |2-5% |0-2%(0-1%|0-1%

©

Table 6: Size range and distribution of cenospheres

Cenospheres Grades 500 s00 LF 106
Farticle Size Range (microns) 5-500 5-500 5-106
Faricle Size Distribution
% Passing 500 micrans 100 100 100
% Passing 300 micrang s5-100 [ 57-100 100
% Passing 150 microng 40-50 40-B0 100
% Passing 106 microns 25-55 15-30 [ 99.7-100
% Passing 50 microns 210 210 15-30

Fly ash is the most available CCP. In the past,ah was released into the
atmosphere, but new pollution regulation laws neguire that each plant built in the US
be equipped with a system for collecting and stagkily ash. Fly ash particles are
generally spherical in shape, either solid or he)lamorphous and range in size from 0.5
um to 100um. The fly ash specific gravity ranges from 2.13t06 and a dry unit specific
gravity ranges from 0.6 to 1.7. To be used in cetecapplications, the fly ash must meet
ASTM C 618 requirements. These include materialc@ssing requirements such as

source control (the ash from a peaking plant mayfooinstance, be used instead of the



ash coming from a base loaded plant), drying oditmming, quality control and some
engineering properties: the fineness (maximum of/B4etained in a 0.045 mm sieve),
the loss on ignition (it corresponds to the chaafjeass of the material when strongly
heated; this mass modification is due to the reledwvolatile substances trapped into the
material), the moisture content (Table 7). In addit workability, setting time,
pumpability, strength development, heat of hydratipermeability, resistance to freeze-
thaw and the sulfate resistance are also conttod&d@M C 618 differentiates two types
of fly ash - C and F - mainly according to chemicamposition. Fly ash is made of four
main constituents: silicon dioxide SiCaluminum oxide AJOs, iron oxide FgOsz and
calcium oxide CaO. Table 7 is a patrtial list of tegquirements for fly ash to be used in

concrete.

Table 7: ASTM fly ash requirements (ASTM C 618, 8D0

Froperties Fly Ash Class
Class C | Class F
(Si0; + A0z + FezOx)min, % a0 71

sulfur triaxide (S03), max, %
Muoigture Content, max, %
Loss on ignition, max, %

o |La|mm
o |La|mm

The fly ash used in this study has been provideBdmal Material Technologies. Fly ash
F comes from the Bowen Power Plant located in @Garilée, GA, while fly ash C comes
from the Scherer Power Plant located in Juliettd, &ccording to tests performed by
Boral on some samples in April and May 2008, thentical properties of the fly ash
used in the research are tabulated in Table 5.

Bottom ash is a coarse by-product of steam geparawhich is collected from
the bottom of furnaces. The bottom ash specifivigraanges from 2.1 to 2.7 and a dry
unit specific gravity ranges from 0.7 to 1.6 Typigathe bottom ash particle size ranges

from 0.01 mm to 40 mm and only 10 to 60 percerthefparticles would pass through a



0.42 mm (No.40) sieve. The Bottom Ash was also igiexy by the Plant Bowen which is
one of the biggest power plants in the US, wittoeegr generation of 22,630,000 MWh
in 1998. Its chemical composition is listed in Teabl

All the specimens except those based on fly ablv@ a color ranging from pale
grey to dark grey, while the relatively high corttehcalcium oxide in fly ash C provides
the material with a cream color aspect (Fig. 1).spkecimens have a fine texture with the
exception of those based on bottom ashes whicbcaese aggregates. The material used
in this study is based on the ash bonded togetiiea lbementitious slurry; the ash
provides the material with high strength while gilarry gives some coherence to the
material by bonding the ash particles together. diiemical composition of the slurry is
directly linked with some physical properties oétmaterial such as its strength or its
weight. Different chemical compositions have besrestigated in the research. Various

curing conditions have been applied to the specsnasrshown in Table 8.

10



(d) (€) (f)

Figure 1: Various specimens based on: (a) GradeB06nospheres; (b) Grade 500
cenospheres, (c) Grade 106 cenospheres, (d) fIg agh fly ash F, (f) bottom ash

Table 8: Material curing conditions

Curing Time (hours) | Curing Temperature (°C)
Cenospheres 24 115
Fly Ash © 3.5 a0
Fly Ash F 24 115
Bottom Ash 24 115

Due to the high number of tests performed, we usk the same nomenclature
throughout the paper: a specimen called CG500-Rrefiér to a material made up of
Grade 500 cenospheres and from chemical composttiarhile CF-9 will refer to a

material made up of fly ash F and from chemical position 9.
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CHAPTER 3

UNIAXIAL EXPERIMENTS

Stiffness M easur ements

Uniaxial compression tests have been performeskwaral specimens of different
compositions and porosity. All the samples werex 22”x 2” cubes and were
manufactured with a bronze cube mold. The mold e@sposed of a base and a top
plate to insure homogeneous heating. This moldazarg to specifications ASTM C 87,
C 109, C 141, C 257, C 267, C 306, C 472, C 37396, and AASHTO T-106. The
experimental tests have been accomplished usinglnatton 8802 displacement-
controlled testing machine. Two tests have beeopeed in order to evaluate the
mechanical properties in compression. The first &g®s to determine the compressive
Young’'s Modulus of the material and its evolutidmaughout the different stages of its
deformation. We first loaded and unloaded the spegiat a constant deformation rate of

0.16mm/sec staying in the elastic range (Fig. 2).

Displacement
(mm)
+0.8
Time (5}
-0.8
-
20 s
{05 Hz)

Figure 2: Signal form from the test for the detaration of the Young’s Modulus

12



The typical stress-strain curve in the elastiogears given in figure 3. We can
observe a first cycle where the slope of the cusview. It corresponds to a hardening
process of the material, during which it will reaith full stiffness (1). Then all the
following cycles have a similar slope, correspogdito the compressive Young's
modulus of the material (2). This Stress vs. Strirve is typical of cellular materials.
During the first compressive cycle, the air pockgs progressively closed, plus there is

a microscopic reorganization of the particles whedds to a stiffer material.

Stress (MPa)
= — [ g} [ 5]
(B3] —_ h kA im L th

[

T T L T
1] 0,005 0. 0.015 nnz no02s
Strain

Figure 3: Typical stress-strain curve in the etasinge

The stress-strain curve represented in Figure gheésactual response of the
material. This curve is difficult to interpret small the cycles are superimposed. Another
curve, which decomposes the different cycles of rigponse by adding an artificial
strain between each cycle, can be drawn for thé/sisaas shown on Figures 4 and 5.
The Figures 4 and 5 represent the stress-strairesudor chemical composition 11 and
for each type of aggregates. For the totality @& thrves, please refer to the appendix.

The results are presented and discussed latee ithéisis.
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Figure 4: Stress-strain curves in elastic range(&rCG500-11; (b) CG500LF-11;
(c) CG106-11
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Figure 5: Stress-strain curves in elastic range(rCC-11; (b) CF-11;
(c) CB-11
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Compressive Strength M easur ements

A second test has been performed subsequenthyh@rsame specimens: we
loaded and unloaded the specimens with increasspgladement amplitude keeping the
deformation rate around 0.2mm/sec (Fig. 6). Theosectest was performed until

complete failure of the material and revealed th@pressive strength of the material.

Displacement
(mm)
+ld
+5
+4
+2 Time (s}
SAVAN

40 s 167 s
(025 H=) (008 Hz)

£=

20 s B3 s 333 s 300 s
(05 H=) ¢p12 Hz) (003 Hz) (002 Hz

Figure 6: Signal form from the test for the detaration of the compressive strength

The typical stress-strain curve in the plastitgeis represented in Figure 7. We
can observe a first linear part corresponding ® dlastic range (1) until a maximum
stress (compressive strength) is reached. Thenecaease of the strength occurs,
followed by a wide horizontal plateau (3), typiaai high energy absorber material.
Finally, there is a zone of densification (4). imlity, the material undergoes reversible
deformation until a first vertical crack, due tetRoisson’ effect, appears (Fig.8). Then
the strength of the material decreases until ithrea a plateau and stabilizes. Along the
plateau, the cenospheres get crushed and the eketsoget progressively rarer. The
densification is due to the fact that our matehas a cellular structure. Indeed, under

high stresses, the cells will independently fadl andensification phenomenon will occur.

16



The stress value corresponding to the end of éielpart and the average stress value
of the plateau are critical. The former, known ampressive strength, shows how much
load can be applied before the material undergeemgnent deformation (2). The latter

has a key role in the energy absorption properiibs. area under the stress-strain curve

is indeed proportional to the energy that can ls®died by the material.

Stress (MPa)
[N
1

0 T 1 T T T
0 0.1 0.2 0.3 0.4 0.5 0.6

Strain

Figure 7: Typical stress-strain curve in the ptastge

Figure 8: Material’ failure through vertical crackexample of CF-12 specimen

The stress-strain curves for CG500-1 to CG500-£ispns in the plastic range are

represented in Figure 9.

17
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Figure 9: Stress-strain curves in plastic range(BrCG500-1; (b) CG500-2; (c) CG500-
3; (d) CG500-4
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Discussion

Influence of Chemical Composition

Some investigations had already been performati@material made up of grade
500 cenospheres (Paul Biju-Duval, 2006). Neverdslthe compressive properties have
been reinvestigated with the testing protocol dbedr earlier. Below, the ternary
diagram shows all the chemical compositions whield heen primarily investigated
(Fig.10) and also the results obtained for the gs@0 cenospheres with the new testing
protocol (Table 9). Chemicals C1, C2 and C3 canbaotdentified in this thesis as they

are treated by intellectual property.

C2 (62.5%)

{A\/GVAXZ\/\/\ C1 (100%)

Figure 10: Primary (red) and secondary (blue) pestepositions used to investigate the
influence of chemical composition on the compressinodulus and compressive strength

C3 (62.5%) /
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Table 9: Physical and mechanical properties of neateade up of Grade 500
cenospheres in Sl units (A1) and standard unit3 (A2

Specimen | Specific | Compressive | Compressive Specimen | Specific | Compressive | Compressive
Gravity | Modulus (GPa) | Strength (Mpa) Gravity | Modulus (ksi) | Strength (psi)
CGEa00-1 0.54 0.57 283 CE500-1 054 g2 424
Cs00-2 0.57 0.60 235 CG500-2 057 g7 340
CG500-3 0.53 0.48 245 Cz500-3 053 71 360
CGa00-4 0.57 0.73 3.84 CG500-4 057 106 571
(A1) (A2)

CG500-1 and CG500-4 specimen have the best mecthapioperties: they
exhibit greater compressive strength and compresamdulus than the other specimens.
We have therefore decided to narrow the ternargrdia around these two compositions
in order to reduce our area of study. In the previdiagram (Fig. 10), six new chemical
compositions intended to approach the optimal cbahtomposition are represented.
The same testing protocol has been repeated fospgeeimens made up of Grade 500
cenospheres with the six new chemical compositidhs. results are listed in Table 10.
Even though there is no major improvement in thep@ssive modulus and the specific
gravity, we can observe a significant increase ompressive strength with the new
chemical compositions: 2.6-6.5 MPa (370-940 psiswe 2.3-3.9 MPa (340-570 psi). In

the reminder of the thesis, only the six new chaimtompositions will be investigated.

Table 10: Physical and mechanical properties oenatmade up of Grade 500
cenospheres with new chemical compositions in 8§A1) and standard units (A2)

Specimen | Specific | Compressive | Compressive Specimen | Specific | Compressive | Compressive
Gravity | Modulus (GPa) | Strength (Mpa) Gravity | Modulug (ksi) [ Strength (psi)
CE500-7 0.50 0.40 3.04 CE500-7 0.50 55 441
CE500-5 .57 0.51 2857 CG500-5 .57 74 373
CE500-9 0.59 0.37 507 CE500-9 0.59 54 735
CG500-10 .57 0.56 337 CE500-10 .57 g1 489
CG500-11 0.64 0.43 368 CE500-11 0.64 52 534
CcG500-12 0.62 0.50 B.51 CG500-12 0.62 g7 944
(A1) (A2)
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Influence of Particle Size

In this section, the influence of particle sizetbe mechanical properties of the
material will be demonstrated. The three typeseasfospheres (grade 500-500LF -106)
used in the research have identical chemical ptiesemwhich are tabulated in Table 5.
The cenospheres differ only in their particle siaage and distribution (Table 6). The
following example highlights the influence of tharpicle size on the total surface area. If
we consider two spherical particles whose radigsraand 2r; along a line of a given
dimension, there are twice as many small particfesdius r as large particles of radius
2r. Inside a rectangle of a given dimension, tkeee?=4 times more small particles than
large particles (as shown in Figure 11). And evailyuvithin a parallelepiped, there are
2°=8 times more small particles than large particlésN represents the number of
particles inside a parallelepiped of a given siae,total surface area available inside this
parallelepiped for the large particles iSage= 16Ner®. On the other hand, the total
surface area available inside the same paralleddpipr the small particles isishpu =
32Nar®. The available surface area for the small pasiiethen twice as great as the
surface area available for the large particles.n@ba reactions can then take place in a
larger area if small particles are used. This tesul a better bond between the
cenospheres and, therefore, in a stronger matémialrder to validate this model, the
relationship of particle size to mechanical projsrof the material is tabulated below
(Table 11), together with the compressive streagith modulus of the new material made

up of each type of cenosphere.
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Mumber of particles inside the Mumber of particles inside the
given rectangle: 16 given rectangle: 4

Figure 11: Simplified model showing the optimizetchagement of circular particles
within a plan

Table 11: Physical and mechanical properties oenadtmade up of the three types of
cenospheres with chemical compositions 7 to 12 im8s (A1) and standard units (A2)

Specimen | Specific | Compressive | Compressive Specimen | Specific | Compressive | Compressive
Gravity | Modulus (GPa) [ Strength (Mpa) Gravity | Modulus (ksi) | Strength (psi)
CGE500LF-7 | D.54 0.66 3.14 CEa00LF-7 0.54 96 455
CGE500LF-5 | 0.55 079 3.35 CG500LF-8 0.55 114 456
CGE500LF-9 | D57 0.60 3.81 C500LF-9 0.57 a7 553
CES00LF-10( 0.458 0.52 272 CGE500LF-10 | 0.48 7a 395
CGES00LF-11] 047 0.55 3.42 CEA00LF-11 0.57 il 4595
CGS00LF-12| D57 0.50 316 CGES00LF12 | 047 73 455
CE500-7 0.50 0.40 3.04 CG500-7 0.50 55 441
CG500-3 0.57 0.51 287 CEa00-5 0.57 74 73
CE500-9 0.54 0.37 8.07 CG500-9 0.549 a4 735
C500-10 0.57 0.56 3.37 CGE00-10 0.57 g1 459
C5500-11 0.64 0.43 3.65 CE500-11 0.64 62 534
C500-12 0.62 0.60 6.51 Cz500-12 0.62 a7 944
CE106-7 0.5 0.62 g.10 CE106-7 0.55 a1 1175
CG106-5 0.55 0.35 3.56 CG106-5 0.55 55 1242
CG106-9 0.55 0.46 705 CG106-9 0.55 67 1023
CE106-10 0.55 0.51 9.63 CE106-10 0.55 74 1397
CG106-11 0.54 0.42 5.56 CE106-11 0.54 61 806
CE106-12 0.60 0.60 11.64 CE106-12 0.60 g7 116G
(A1) (A2)

All the specimens made up of cenospheres havaitasspecific gravity ranging

from 0.48 to 0.64 and similar compressive modusuging from 0.37 to 0.79 MPa (53 to
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114 ksi). However, the specimens made up of Grdie ceknospheres exhibit greater
Compressive Strength than those made of Grade d8@0OLF cenospheres: 5.6 to 11.6
MPa (810 to 1690 psi) versus 2.6 to 6.5 MPa (3704 psi).

If light weight is not a major concern, other CGR® be used as replacement for
cenospheres. Given that the cenospheres, fly amhdRhe bottom ash come from the
same coal, their chemical compositions are alnusitical (Table 7). Fly and bottom ash
particles are mainly solid instead of being hollag in the case for the cenospheres,
which makes them slightly heavier. Moreover, asas already been stated earlier in the
thesis, the bottom ash particle size and distrioudiffers significantly from the fly ash
particle size and distribution. Following the sam®anufacturing process, various
specimens based on fly ash C or F have been prdduakethe behaviors of the different
series of material have been investigated (Tab)e QBe major difference between the
two types of fly ash is that the chemistry of tleaation is not the same in both cases.
Firstly, for fly ash C, two reactions occur in argléel way: the formation of calcium
silicate hydrate (C-S-H), commonly called hydrati@nd the classic aluminosilicate
transformation, which is the main reaction takitgcp in the material. The production of
C-S-H, responsible for the strength in cement basatkrials, is made possible thanks to
the high ratio of calcium oxide in this type of #igh. Indeed, the silica and alumina from
the fly ash, which are pozzolans, do not need aigrieal provision of calcium oxide and
can combine directly with the calcium oxide alregahgsent in the fly ash to form a
cementitious material. The second reaction is duthé combined action of the three
chemicals on the fly ash. The first reaction ocayugker than the other and does not
require a long curing time. For every other nondgh C-based material, only the second
described reaction takes place and a longer cuiing is therefore required (see Table

8).
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Table 12: Physical and mechanical properties oenadtmade up of: fly ash C in Si
units (A1) and standard units (A2); fly ash F inuBlts (B1) and standard units (B2);
bottom ash in Sl units (C1) and standard units (C2)

Specimen | Specific [ Compressive | Compressive Specimen Specific Compressive | Compressive
Gravity | Modulus (GPa) | Strength (Mpa) Gravity Modulus (ksi) | Strength (psi)
cC-7 1.52 0.64 10.19 cC-7 1.52 93 1475
cCa 1.62 1.14 13.74 cCa 1.62 165 1993
cca 1.64 0.83 14.45 cc-a 1.64 135 20586
Cc-10 1.55 0.55 14.47 cC-10 1.55 79 2089
CC-11 1.52 0.69 11.24 cCc-11 152 100 1630
CC-12 1.54 0.44 9.35 cc-12 1.54 B4 1356
(A1) (A2)
Specimen | Specific [ Compressive | Compressive Specimen Specific Compressive | Compressive
Gravity | Modulus (GPa) | Strength (Mpa) Gravity Modulus (ksi) | Strength (psi)
CF-7 1.17 0.83 11.03 CF-7 1.17 120 1600
CF-8 1.19 0.73 14.79 CF-g 1.19 106 2145
CF-3 1.31 1.65 24.43 CF-39 1.31 239 3543
CF-10 1.29 1.24 17.18 CF-10 1.29 180 2492
CF-11 1.31 1.54 24.03 CF-11 1.31 223 3485
CF-12 1.24 0.54 13.78 CF-12 1.24 122 1999
(B1) (B2)
Specimen | Specific [ Compressive | Compressive Specimen Specific Compressive | Compressive
Gravity | Modulus (GPa) | Strength (Mpa) Gravity Modulus (ksi) | Strength (psi)
CB-7 0.86 0.52 3.06 CB-7 0.86 119 444
CB-§ 0.85 0.65 2.63 cB& 0.95 95 3581
CB-& 0.85 1.01 3.18 cBS 0.95 147 461
CB-10 0.98 1.14 3.71 CEB-10 0.95 165 5358
CB-11 1 1.04 297 CB-11 1 131 431
CB-12 1 0.50 3.56 CB-12 1 116 516
(C1) (C2)

When fly ash is used instead of cenospheres, $tifthess and strength of the
materials increase along with the specific graatythe material. Due to the fact that
bottom ashes are mainly coarse aggregates, the ©BEB-12 specimens have high
porosity and have relative low density (0.95 to) kOmpared to the density of bottom
ash. If the compressive strengths of the bottomsasgitimens are effectively similar to
the CG500 and CG500 LF specimens, then the conmypeessodulus of the CB
specimens are far higher (0.67 to 1.14 MPa). TaBlesummarizes all the results and

compares the materials with other similar strudtoraterials.
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Table 13: Mechanical properties of the new mateald of three lightweight concretes

in Sl units (A1) and standard units (A2)

Cenospheres Fly Ash Fly Ash Bottarm Autoclaved Low-Density Regular
C F Ash Aerated Concrete | Cellular Concrete | Cellular Concrete
Specific
Gravity 0.45 - 0.65 15-165 12-13 095-10 0.5-0.85 03-0.8 0.8-192
Compressive
Modulus (GPa) 04-09 04-11 07-17 07-11 1.35-26 02-22 1.1-14.3
Compressive
Strength (MPa) 21-116 9.3-145 11-244 26-37 20-B.0 05-52 25-240
(A1)
Cenospheres Fly Ash Fly Ash Bottam Autoclaved Low-Density Regular
C F Ash Aerated Concrete | Cellular Concrete | Cellular Concrete
Specific
Gravity 0.45 - 0.65 15-165 12-13 085-10 0.5-085 03-0.8 0.8-192
Compressive
Wodulus (ksi) a0-130 60 - 170 110-240 [ 100-7170 200 - 380 30-320 160 - 2070
Cormpressive
Strength i(psi) 310 - 1650 1360 - 2100 | 1600 - 3540 | 350 - 540 290 - 570 70-750 360 - 3480
(A2)

Influence of Curing Time

A material which can develop its maximum strengith an air setting at room
temperature is highly appreciated in the constoucfield. Such a material requires less
manufacturing utilities and can be cast in thedfiéd the material is not capable of an air
setting at ambient temperature, there are otheswéwpchieving energy efficiency. One
way of tackling this challenging problem is to dssse the curing time or curing
temperature. To do so, aluminum phosphate can Hedatb the mixture. Aluminum
phosphate is a white, crystalline powder which,eireryday’ life, can be used as a
leavening agent but its dehydrating agent properake it suitable for some industrial
applications. When heated, aluminum phosphate degses into aluminum oxide and
phosphorus pentoxide. The latter is the compoundnfagood moisture absorption
properties.

Aluminum phosphate has already been used in pesearch with the aim of

decreasing curing time. In the past, a high sttengbrtar capable of air setting at room
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temperature (Greger, 1943) came out of such rdsediwe problem with refractory
mortar, which consists in a mix of filler (cerangimg), bond clay and some water, is that
it requires a high temperature for the bond totbeng. This discovery tackles this issue
by processing the ceramic filler with a water stdubluminum phosphate before the
addition of the bond clay. Other inventions basacatuminum phosphate have a direct
application in the automotive industry. It is these of a high temperature heat-insulating
structure based on an aqueous aluminum phosph&tgorowith foamable perlite
particles (filler) which is essentially chemicattgmposed of silica (70-75%) and alumina
(12-15%) (Noda and Takeuchi, 1974). This matewal lbe applied to the area around the
exhaust pipe which is under conditions of high real high stress. Mix compositions
containing a relatively high percentage of alumb@und chemically by aluminum
phosphate are well known in the art. In particutamew refractory material based on
magnesium oxide, aluminum phosphate and an insgldiller which demonstrates
excellent temperature resistance and good stremaghbeen patented (Salazar, 1982).
More recently, a cement containing magnesium oxidgg aluminum phosphate able to
harden quickly - less than one hour - and allowpepple to repair some damages
requiring immediate intervention (such as a holetton highway), has been developed
and patented (Tomic, 1982). A balance between wgrkime and curing time is found
by controlling the proportions of magnesium oxiddyuminum phosphate and inert
aggregates. The chemical reaction between alumipliosphate and fly ash has some
cementitious properties which have already beerieappo increase the compressive
strength of rapid-setting concrete based on magmesixide and aluminum phosphate
(Tomic, 1986). Two materials have finally emergeaht this research: one rapid setting
composition having a work time of ten minutes assteand a hard, concrete-like product,
based on the same components, having a compresswgth of at least 20 MPa.

Earlier investigations on the material have derrated that the strength of the

material increases with curing time before reachaglateau (Biju-Duval, 2007).

26



However, the following investigation reveals thatignificant amount of strength can be
gained for low curing time by adding some aluminphosphate to the mixture. To
highlight the influence of the aluminum phosphaddferent quantities of a 62.5¢g/L
solution aluminum phosphate (OmL, 8mL, 12mL) haveerb added to CG106-9
specimen. This experimental protocol has been te@eaith four different curing times
(1h, 2.5h, 4h and 5.5h). The Strength vs. AlumirRinosphate Quantity curves for each

curing time are shown below (Fig.12):
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Figure 12: Strength vs. Aluminum phosphate quamityCG106-9 after a curing of:
(1) 1h; (2) 2.5h; (3) 4h; (4) 5.5h

Each curve exhibits a first positive slope corregpiog to an increase of strength
along with the increasing quantities of aluminunogbhate. Then, for each curing time,
we can observe a decrease of the strength for higbecentrations of aluminum

phosphate. An optimal quantity of aluminum phosphbdading to a maximum strength,
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therefore exists. Added in small quantity, aluminphosphate absorbs the moisture and
allows the material to reach a higher strengthess Itime. However, experiments have
revealed that significant amounts of aluminum phasp (more than 1 gram) alter the
quality of the material’'s bond and decrease itengjth. Below are summarized the
compressive strength improvements reached withattetion of aluminum phosphate
(Table 14). Since aluminum phosphate does not allmvmaterials to reach sufficient
strength for structural applications, this analyss only an enlightening aspect and does

not provide any solid evidence of a potential aggilon for aluminum phosphate.

Table 14: Compressive strength increase due tadtion of 0.5g of aluminum
phosphate for CG106-9 after 1h, 2.5h, 4h and 5tSliong

Alurninum Phosphate
Oy | 05g
Compressive Compressive
Curing Time ostrength (MPa) otrength Increase

Th 0.04 0.042 5.00%
2.5h 0.7g 1.48 837 .34%
4h 203 2.4 18.72%
5.5h 2.09 247 18.18%
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CHAPTER 4

CONCLUSIONS

The building and construction industry is lookifog a generation of non-cement
materials to replace or reduce the utilization ofarete. This thesis presents ongoing
work on a new series of materials based on Coallistion Products (CCP) that also do
not contain cement. The thesis reported on the ifgpegravities, as well as the
corresponding compressive strength and modulusadt found that these materials can
acquire compressive strengths as high as 3,600nadiing them stronger than
conventional and lightweight concrete at modesti§ipegravities ranging from 0.5 to
1.6. Indeed, these materials present an opportuoityconvert an unwanted CCP
byproduct into a commercially attractive raw madkrand it will certainly help increase
the utilization of CCP while reducing the use ofnceete and timber in many
applications. While these materials are cured betvdand 24 hours at 90 to 115 degrees
Celsius, some investigations were conducted on watradditives that can reduce the
curing time. One such additive included aluminunogphate, but it is not conclusive at
this time whether this additive is helpful or nGuring times as well as reinforcement are

proposed as subjects for further work on these maigte
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APPENDI X

STRESS-STRAIN CURVESIN ELASTIC RANGE

30



S
= o
i s
S UMM
(« {d)
O T
ol W,
(e) (f)
00| (B

(@) th)
;21/ e 1 J
i e B T
S B
WIARENII
(i)'“" ':J)m

Stress-strain curves in elastic range for: (a) AE50(b) CG500-2; (¢) CG500-3; (d)
CG500-4; (e) CG500-7; (f) CG500-8; (g) CG500-9; @3500-10; (i) CG500-11;
() CG500-12

31



iz
i

LS
LLE
or
0F +
w354

E«'.‘l#-
a0
-

= 5

oz 4
a1 1
2 L

-

Strees [MPa)
B
i p——————l
i

o o nie P oo 0 o (0 ST T S T S S
B'_I'ti‘b Stran

o7

m 0E 4

1 e
i | I |
Eﬂ”- B3

orl , 03 : - J

Strees (MFa)

L] a2 k2 0 [l Do [} 02 L LEEP L1 iR roe L1}
Strain Stradn

oa

1
og
0:5 4 os
' :
E--IZI?-- 0
@
- 4

ren (MPaj

5
—————
-\-—--\_____
e
x————m—.-_

Bord J J “:3/
01 0.2
Vi L gl 4 g4

L1} a0z o0q oog oga o oAz ] [l 0. o8 ¥ od oA
Strain Strain

(&) (f)

Stress-strain curves in elastic range for: (a) QIE%07; (b) CG500LF-8;
(c) CG500LF-9; (d) CG500LF-10; (e) CG500LF-11;@p500LF-12

32



’ ’ TRITETE j
sf,} ' | U J
5 UJU_JJJJJ‘,/ i /rJ rI JU ” IJ[J J’

T EN o

] Bl

Y J ” JJ JJ J Ei} "} f’p:.”,j
(: '1:

Sl e
(e) ()

Stress-strain curves in elastic range for: (a) Bs1,0(b) CG106-8;
(c) CG106-9; (d) CG106-10; () CG106-11; () CGHUmB-

33




3

. w{ 2 ‘
By FELS
bl /] 4) } | Ll |

il |II | 084 i

wl / / I o f A

Sl g J ) Al J IS SIS )

9. Qs fEar 0e m;';m ooE o8l D08 0@ [ 0.0s. 1.7 ;:1 ops an B2
(a) (b)
5

Slrews {Pa)

[ R L "

5
5 !
'l |
il
I
] If'J |
Sy .::'I |
i / - y ;
0 we o o8 o8 2
Sirain

iz

IIIII
/|
/| I,:Il
j/’ll '{:”I '&' o ﬂ’+ = F_d
] if-e3 =1 ﬂ.ﬁ oo i} afz
Shwin

0

Stress-strain curves in elastic range for: (a) C®YCC-8;
(c) CC-9; (d) CC-10; (e) CC-11; () CC-12

34



EE 7

e &
21 5
w1 -
s g
- g,
B oo H
24
B
14
77 4
[} s F -4 I
] 184 o4 =] ang g -8 3 o o FH oos o Ge3 o (LR
S¥an Herain
{a) (b}
i i
(&1
1
|
: | a8
- | 5
Enb- | | &
- = 06
* 0d II.' E
= /| * o4
04 f
)
i) .
'l
A R A 5 ;?j' F A | i - : : |
) [ ik £ o on2 il (e afc | g1 b2
Eara Srain
(c) ()
16 a9
14 4 oo
12 i s
g 11 = 08
& LT
2.4 i
a4
0 :
H B
04 A &
0 .
2] ¥ ¥ d a
T-E S 008 o 04 (VRF] iy a0 P 0o 1 i
Strain #rain

(&)

Stress-strain curves in elastic range for: (a) CBYCF-8;
(c) CF-9; (d) CF-10; (e) CF-11; (f) CF-12

35




14 4 b
12 3
14 ' /{
S 05 - § s
=
£ wh ; 0% /
4 o
17 0z o/
0 / i y ; : @ .2 ; : . :
[ oz o4 e o at iz T o .08 608 : 012
Saraim By
(a) )
25 . 15
5] 3
- i Fa
% 15 || i 24
E 1.4 |I|J % 13
) | 1
o5 J"| ik /
LR Y 0 L
] G .04 008 008 a1 Q12 o 1104 1] [ - F]
Strain Saram
(c) ()
1% 3
3 5.
] 4
5 P
£ 2 E /] (
g 15 E 71 )‘J } |||
4 } I J';. Ir J"IIII i
5 L B i / ‘ll I i
3l | _ L b b
] g1g oM ] e LR L] L] 1) g o 0 0oa oot a0
Sarain Sxan

()

Stress-strain curves in elastic range for: (a) CByYCB-8;
(c) CB-9; (d) CB-10; (e) CB-11; (f) CB-12

36




REFERENCES

ACI 523.1R-06, Guide for Cast-in-Place Low-Dengigilular Concrete, AClI Committee
523, 4-6 (2006)

ACI 530.1-08, Building Code Requirements and Sjpeatiion for Masonry Structures
and Related Commentaries, AClI Committee 530 (2008)

ACI Board Advisory Committee on Sustainable Devetept, White Paper on
Sustainable Development, Concrete Internationaledean Concrete Institute, 27,
2, 19-21 (2005)

American Coal Ash Association (ACAA), CCP Produntend Use Survey (2006)

ASTM C618-08a, Standard Specification for Coal Ash and Raw or Calcined Natural
Pozzolan for Use in Concrete, C09.24 Subcommi266g)

Biju-Duval P, A New Porous Material Based on Cefasps, Georgia Institute of
Technology ETD (2007)

European Coal Combustion Products Association (EERQOB8CP Production & Use
Survey (EU 15)(2003)

Fatih T., and Umit A., Utilization of Fly Ash in Maifacturing of Building Bricks, 2001
International Ash Utilization Symposium, Center Applied Energy Research,
University of Kentucky, Paper # 13 (2001)

Fearnside P.M., and W.F. Laurance, Tropical detates and greenhouse-gas
emissions, Ecological Applications, 14, 4, 982—-938804)

Greger H.H., Method of preparing air-setting refoag mortars, United States Patent
2425151 (1943)

Hebel, Hebel AAC Products and How to Work with Theé#tiEBEL International Tech
Manual, Section 2 (1997)

37



Legatsi L.A., Cellular Concrete, ASTM STP169C-ERyr#ficance of Tests and
Properties of Concrete and Concrete-Making Materi33-539 (1994)

Liu H., Method to produce durable non-vitrified #gh bricks and blocks, Patent filed
with the Bureau of Intellectual Property Rightgsloé People's Republic of China,
Patent Application No. 200680000117.3 (2007)

Malhotra V.M., Reducing CO2 Emissions, Concretenmational, American Concrete
Institute, 28, 9, 42-45 (2006)

Mehta P.K., Coal fly ash: the most powerful toal $oistainability of the concrete
industry, Ash at Work; Journal Issue: 1 (2008)

Moran, E.F., Deforestation and Land Use in the BiemzAmazon, Human Ecology, 21,
1 (1993)

Mukherjee A. B.and R. Zevenhoven, Mercury in coal ash and itsifatee Indian
subcontinent: A synoptic review , Science of Théal &nvironment, 368, 1, 384-
392 (2006)

Natesan M., S. Smith and K. Humphreys, The Cemehudtry and Global Climate
Change: Current and Potential Future Cement Ing@® Emissions, &
International Conference on Greenhouse Gas Cohéiinologies, 995-1000
(2002)

Noda F, and Takeuchi Y., High temperature heatlatsg structure, United States
Patent 3958582 (1974)

Paul W. L. and P. A. Taylor, A comparison of ocaupezomfort and satisfaction between
a green building and a conventional building, Bmi¢dand Environment, 43, 1858—
1870 (2008)

Ries R. and M. M. Bilec, The economic benefits ey buildings: a comprehensive
case study, The Engineering Economist, 51, 259{2036)

Salazar P.V., Refractory compositions and methddged States Patent 4432799 (1982)

38



Singhal G.S., G. Renger, S.K. Sopory, K.D. Irrgand Govindjee, The Photosynthetic
Process, Concepts in Photobiology: Photosynthesis?adotomorphogenesis, 11-51
(2006)

South African Coal Ash Association (SACAA)

Tanyildizi H. and A. Coskun, Performance of lightgle concrete with silica fume after
high temperature, Construction and Building Maltsrid2, 10, 2124-2129 (2008)

Tomic E.A., Phosphate cement and mortar, UniteteStaatent 4394174 (1982)

Tomic E. A., Phosphate cement including fly ashhiigh-strength concrete-like
products, United States Patent 4749413 (1986)

World Business Council for Sustainable Developm&hg Cement Sustainability
Initiative (2002)

WWEF Indonesia Technical Report, Deforestation, EbBegradation, Biodiversity Loss
and CQ Emissions in Riau, Sumatra, Indonesia (2008)

Yazici H., H. Yigiter, A. S. Karabulut and B. Baea Utilization of fly ash and ground
granulated blast furnace slag as an alternatiiGasiburce in reactive powder
concrete, Fuel, 87, 12, 2401-2407 (2008)

39



