University of Alberta

PROPERTIES OF CONCRETES AND WOOD COMPOSITES
USING A PHOSPHATE-BASED BINDER

by

Luong Thanh Hong

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of

Master of Science
in
Structural Engineering

Civil and Environmental Engineering

©Luong Thanh Hong

Fall 2013
Edmonton, Alberta

Permission is hereby granted to the University of Alberta Libraries to reproduce single copies of this thesis

andto lend or sell such copies for private, scholarly or scientific research purposes only. Where the thesis is

converted to, or otherwise made available in digital form, the University of Alberta will advise potential users
of the thesis of these terms.

Theauthor reserves all other publication and other rights in association with the copyright in the thesis and,
except as herein before provided, neither the thesis nor any substantial portion thereof may be printed or
otherwise reproduced in any materialnfowhatsoever without the author's prior written permission.



ABSTRACT

Magnesium potassiunphosphate cenaics are from the family of
phosphatébased cementshich can be used as alternative Portland cements.
In this study, concretes and wood compositesre produced using magnesium
potassium phosphate egric binders andgupplementarynaterials including fly
ash, sand, silica fume and sawduéntonite, Delvo Stabilizer and baking soda
were used as additives to increase the workability and the s@ttie@f the fresh
mixutres and decrease the density of the hardened prodbetsnaterialswere
then reinforced with lwopped glas$ibers or textile glassfabricsto increase their
hardened properties\t 50%fly ash bytotal mass of thévinder, the conates had
compressive strength and density of 33 MPa and 2170°kgéspectively after
90 days of simple curingAt 20% fly ash by total mass of the binder, the wood
composites hadompressivestrength and density of 13 MPa and 1320 Kg/m
respectivelyafter 90 daysTheflexural strengthsvere aboutl0% to 47% of the
corresponding cylinder compressive strendtirsthese mixesincreass in both
compressive and flexural strengtfor these mixeswere observed with the

addition ofchoppedylassfibersor textile glassfabrics
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Notations

Acbe = cube area based on the loaded size of the specimef (mm

Ag = crosssectional area of cylinder; calculated based on averaging two

measurements of diameter taken at right angles to each other-at mid

height of the clinder (mnf)
b = average width of prism or panel (mm)
d = average depth of prism (notch accounted) or of pamel)
Q = average value of three vertical displacements recorded by LYDM3
0O = modulus of elasticity (MPa)

” = stress correspondirto 40% of ultimate strength (MPa)

» = stress corresponding to a longitudinal strain of Sxhén/mm (MPa)
- = strain corresponding t®(mm/mm)

- = strain corresponding t@ (mm/mm)

- = longitudinal strain af (mm/mm)

Q = cube compressive strength (MPa)

Q = cube compressive strength at 7 days after casting (MPa)
Q = cube compressive strength at 28 days after casting (MPa)
Q = compressive stress of cylinder (MPa)

Q = peakcompressie stres®f cylinder (MPa)

Q = flexural strength of prism specimen (MPa)

Q = flexural strength of panel specimen (MPa)



Q = modulus of rupture of prism specimen (MPa)

Q = modulus of rupture of panspecimen (MPa)

I = density of MPPC concrete/wood composites (y/m

r = average density of MPPC concrete/wood composites fkg/m

L = span length of prism or panel (mm)

Lg = gauge length between the top and bottom collar which is 100mm for

cylinder test

P = maximum load (N)
P = corresponding load (N)
Acronyms

CBC = chemically bonded ceramic

CBPC = chemically bonded phosphate cement/ceramic
MPC = magnesium phosphate cement/ceramic
MPPC = magnesium potassium phosphate cemerdroic
SF  =dlicafume

FA  =flyash

COV = coefficient of variation

w/b = waterto-binder mass ratio

b/s = binderto-sand mass ratio

b/sdt = binderto-sawdust mass ratio



Chapter 1 INTRODUCTION

1.1 Research statement

Portland cemens a commorconstruction material witan annual global
production reaching 2.8 billion metric tor(§).S. Geological Survey, 2010).
However, its manufacture causes high environmental impacts at al sthtfee
process. These includamissions of airborne pollution in the form of dastd
cabon dioxide(CO,) gasesthe consumption of large quantities of resources and
energy duringthe manufacture process; and the release of @ the raw
material during the procest the production of one ton of Portland cement,
about 1.5 tos of rawmaerialsareneededvhile, at the same tim@pout ondon
of carbon dioxide (Cg) is released into the environme(iti et al. 2004).
Additional CGQ may come from the energy sourde. addition, concrete made
with Portland cementas several disadvantagesluding high permeabilityhigh
selfweight, slow curing and rate of strength gain, and itsiscefible to the
severe environmenflLi et al. 2004).Thus to sustain the development of our

modern society, alternative cementitious materials have beelodete

Phosphatdased cementitious materialhave been suggested as
alternatives to Portlandcementsn recent yeardPhosphatdased cements are also
known aschemically bonded phosphateramics (CBPC) (Wagh et all997;
Wagh et al. 1998; Wagh 2004) Wagh and his colleagues sheswthat CBPCs
can be formulated to have quick settiilges high earlyagestrengthgain, very
gooddurability includingchemical attackesistancedeicer scalingesistance and
permeation resistancéhey also developedWagh et al., 1998)magnesium
potassium phosphate ceramic (MPPC) which exhibits supapegies among
CBPC materials.

In recent yearshe properties of CBC binders have been studigglsome
researchersQuiao et al 2009; Ding and Li, 2005; Quiao dt, 2010). Quiao et

al. (2009) found that the fineness of magnesium oxide particle influenced the

1



setting time of CBPCs. Ding and Li (2005) found that when fly ash was
incorporated aB0% to 50%by total mas®f the binder, sand mortars using CBPC
binders exhibitedthe highest compressive strengtiThey also reported that the
increase in water/binder ratio decreased the compressive strength and modulus of
elasticity of sand mortars using CBPC birgl@ihe compressive strength of sand
mortars using CBPC bdess also decreased when the mass fraction of aggregate
increased (Ding and Li, 2005; Quiao et al., 2010).

Furthermore CBPCsbased on a magnesium potassium phosphate binder
canalso be formulatetb incorporatdarge quantities afiontoxic industrial \aste,
including fly ashand waste fiberd-ly ash is a byproduct from coafired thermal
power plants which can be added to CBPCs to improve the bonding and
compressive strength of CBPCs, even at very early &ggh, 2004) The
CBPC matrix can also incporate a wide range of fibers including natural fibers
(such as wood, cellulose, and cotton) and artificial fibers (such as nylon) (Wagh,
2004).

Li et al. (2004) reportedhat wood waste can be bonded wiBPC to
producelightweight particleboard havig flexural strength of 2.1 MPa to 10.4
MPa Donahue and Aro (2009) also reported that waste pulp and paper mill
residues can be added to MPPCs to produce board specimens having flexural
strength of 3.3 MPa. The influenoé chopped glass fibersn the prperties of
CBPC matrixhas beerexamined by several researchers (Jeong and Wagh, 2003;
Tassew et al 2010). Jeong and Wagh (2003) reported an increase in flexural
strength when fibers were use@lassew et al2010) also reported an increase in
compressie strength and maximum load capacity for flexural strength when

fibers were added.

Traditional concretes have used silica fuagean admixturéo increase
their performance. Silica fume fermed from thecondensed gasscaping from
electric arc furnacefrom the production of elemental silicon or alloys containing
silicon (ACI 116R90). ACI 116R-90 indicates that silica fume can be used to

enhance the compressive strengthe strength development rasnd the



durability of concrete. Moreover, silica rhe was reported to influence the
properties of fresh concrete including: water demand, workabliiggding and
plastic shrinkage (ACIl 1168R0). Howeverno prior research has beesported
which examinathe influence of silica fume on the propertie<C&PC.

Besides silica fume, bentonite is also used as an admixture to increase the
performance of Portland cement concr@didA -NA, 2009) Bentonite isa clay
consisting mostly ofnontmorillonite. Itsignificantly increases in volume when
coming in contaicwith water and becomes a gelatinous and viscous fluid. Thus,
bentonite can be added to Band cement and mortars to increase their viscosity
and plasticity(IMA -NA, 2009) However, no prior research has bemducted

to find the effect of bentonite dhe properties of CBPC materials.

High selfweight is one of the disadvantages of traditional concretes.
Addition of foaming agentsduring the mixing procedurean createcellular
concretesvhich are much lighter than traditional concrefattel, 2002) These
cellular concretes can sustain suitable compressive strengths at very low densities.
Several foaming agemhave been used to fadihte the formation of foarwhich
is then blended into the cement paste. With the unique chemistry of CBPCs
comparedto Portland cements, alternative foaming mechanisms are possible.
Sodium bicarbonate (i.e. baking sod&)eases carbonic air bubbles when in
contact withsome acidsThe viability to use baking soda as a foaming agent
during the mixing procedure has nog¢enpreviously examinedEvaluation of
effect of baking soda on the properties of CBR@s also an objective of this
research.

1.2 Research gynificance

Traditional concretesncorporating Portland cement are widely used
construction. Howevethesetraditional concretes have several disadvantages and
their productionhas very high impaston the environment. Thusshemically
bonded phosphate ceramic€BPC become an excellent candidate for the

replacement of Portland cement concretes. Many studieshie@veconducted to



determine the properties of CBPKut theres still lackof knowledge in this area
especially formagnesium potassium phosphate ceramics (MPREsE research
is requirecto improve the performance MPPCsas well ago reduce the cst of

the products, making thera viable and widespreadilternative for Portland

cement concretes.

This research extends the knowledge baseM&fPC materials by
evaluating theviability of incorporatingsilica fume, bentonitepaking soda,
sawdust, sandand glasdibers in MPPC matrix. These compositionsvere
believed toalter the rheologicahnd mechanical properties BPPC products In
addition, competitive MPPCGbasedproducts withlower densityand lower cost

can be produced which make them muaraduction ofthe concrete market

1.3 Objective and sope

Magnesium potassium phosphate ceramic (MP&cretes and MPPC
wood composites were produced using MPPC binder and other compositions
including: fly ash, silica fumesawdust, bentonite, baking sodad sand.MPPC
concretes/wood composites were afsoduced that containechoppedglass

fibers and textile glaskabrics.

The main objective of this researclwvas to determine the basic
characteristics of MPPC concretes/wood composites and MPPC concretés/wo
composites reinforced with glasibers. A laboratoryprogram was conducted to
characterizethe properties ofthe MPPC concretes/wood composites in the

following categories:

1 Properties of fresh mixtures of MPPC concretes/wood composites.

1 Mechanical prperties of the hardened MPPC concretes/wood composites.

Trial mixes were first examined usintpe MPPC binder and other
compositions as listed above. Six candidate mixes welectedamong trial
mixes for further study based on itheeasonable workahiy and good

compressive strengthzresh property, working time, compressiand flexure



propertiesof these six mixtures were evaluated. Finally, these mixtures were
reinforced with chopped glagbers or textile glassfabricsand the evaluation of

theabove properties were conductaad compared with the plain mixes

1.4  Organization

This thesis is composed of seven chapters. In addition to this introductory
chapter, Chapter 2 presents the fundamental kngwldohsed on previous
literature on chemically boded phosphate ceramic€EPGs) and Portland
cemens. Informationon magnesium potassium phosphate cerarMé¥Cs) and
other materials required for the research progeantroduced.

Chapter 3 repost the development ofthe MPPC concretes/wood
composite using MPPC bindelCharacterationsand sources of each material,
the mixing and casting procedures, sample preparatodthe testing methods

arereported in this chapter.

Chapter 4repors the trial mix program in which MPPC bindevas
incorporatedwith other ingredients including: fly ash, silica fumgawdust,
bentonite, baking sodand sand. For each composition, compressive strevagh
evaluated using cube specimenWorkability of fresh mixture of each
compositionis alsopresented in this chp#er. Based on the results obtained from

this chapter, six mixturesere selectetbr furtherstudy

Chapter 5 reportthe further experimental program ftire six mixtures
selected in chapter 4. Workabiligs obtained froma slump flow test andhe
seting time obtained from needle penetrationdest presented in this chapter.
Compression and flexure propertiggere evaluated using cube and cylinder

specimensas well agprism and panel specimens, respectively.

In chapter 6the six mixturesdiscused in chapter Swere modified by
reinforcement with either chopped glasfbers or textile glassfabrics
Workability, compression and flexure properties for theseeawere evaluated



Chapter 7 summarizes the major findings and gives recommendairons f

future research.



Chapter 2 LITERATURE REVIEW

2.1  Magnesium Potassium Phosphat€eramic/Cement
2.1.1 Traditional ceramics and hydrauliceanens

Traditional @ramics and hydraulic cemerase twofamilies of manmade
materiab that are inorganicnonmetallic solids and @mmon in use (Glasser,
1990) Traditional @ramics are formed blgeating and cooling the powders at
temperaturgranging from 700 to 206Q (Wagh 2004) Bricks, pottery and high
temperature superconductors are examples oftitndl ceramics.Hydraulic
cementsare maddyy adding water to their powdeand leting them set andure
atroom temperaturePorland cemen(PC)is an example od hydraulic cement.

Traditional @ramics are highly crystallineshile hydraulic cementsra
noncrystalline. The bonds of hydraulic cement particles produced hily t
chemical reaction between water and the povedetypically controled by Van
der Waals forceqWagh, 2004) The bonds oftraditional ceramic particles
meanwhile,areionic or cosalent bonding which arproduced bythe fusion and
consolidation ofmaterial particles at very high temperatuj@agh, 2004)
According to Wagh (2004)he ionic and covalent bonds are stronger than Van
der Waals forceso traditionalceramicscanhawe higher strengthithanhydraulic

cements

For common applications, ceramic materia¢ésre adenserstructurethan
hydraulic cementbasedmaterials. Porosity for the best ceramsics <1% by
volume while it isoften about 1520% by volume for cement@Vagh 2004).
Ceramic products can withstand very high temperatures and are durable in
environments having relative high or low pH. Meanwhilgh temperatures and
acidic environmerstcan damage hydraulic cemenmdthoughceramics are better
than hydraulic cemens in many aspects, they are more expensive lassl



commonly usedin structural applicationgWagh 2004) Their production

process may also limit the potential applications.

2.1.2 Chemicallybondedphosphateceramicséements (CBCs)

There are intermediate qguucts that exhibit both the characteristics of
traditional ceramic material and hydraulic cement material Some of those
productsare produced bfirst partially sintering thematerials at high temperature
like traditional ceramics and then taig themset like hydraulic cements Other
products are made by reactions at room temperature like cements but have
crystalline structure likdéraditional ceramics. Roy1987) and Royet al. (1985,

1991 named these intermediate products as Chemically Bonded i€sram
(CBCs). Wagh (2004)used this term for all inorganic solids produced by
chemical reactions instead of using heat treatment as in the conventional
production processf traditional ceramie& CBCs are also called as addse
cements because they aredurats of a chemical reaction between an acid and a
base. The reaction between the acidic and alkaline components occurs rapidly and

the resulting mixture sets quickly into a hard mass with neutral pH (Wagh,. 2004)

CBCs exhibit properties dboth cements ad ceramics. The particles in
CBCs are mostly crystalline as tnaditional ceramics. The bonding between
particles, howeveris provided by agpaste formed by chemical reactions as in
hydraulic cements.CBCs are stronger thamydraulic cements butveakerthan
traditional ceramics.CBCs inherit very goodcharacteristics foresistanceto
chemical attackrom traditional ceramics but thewre also easily damaged by
erosionlike hydraulic cements.

When phosphates are used to produce CBCs, they are calleitalhe
bonded phosphate ceramics/cements (CBP@ghe 19" century, CBPCs were
first developed as dental cemenf@/agh, 2004).Since 1970, magnesium
phosphate cerami¢MPCs) have been develeg for structural applications based
in part on theexperimatal progrars conducted atBrookhaven National
Laboratory(Wagh, 2004)In the 199G, CBPCsbased on magnesium phosphate



ceramics were extensively developed for radioactive and hazardous waste
managemenapplicationsat Argonne National Laboratorfthese eramics have

also found application in structural materigl¢agh 2004).

Chemically bonded Impsphate ceramics are inorganic and nontoxic
materials which are formed by reaction of metal cations with phosphate ;anions
so-called acidbase cementdVhile Potland cements are formed in an alkaline
solution and have cured products with high ,ptured CBPCshave relatively
neutral pH.Thus,they are stable ienvironments having a wide range of pHhe
compressive strengths of these doéde cementsan beseveal times higher than
the corresponding strengths of conventional cemesatsh asPorland cement.
However, they are also brittle materialge totheir very low fracture toughness
(Wagh, 2004) They are setbonding, so a second layer could bond to thet fir
layer of the same materi@Vagh 2004)

When magnesium oxide or equivalent is used as the alkaline source to
produce CBPCs, the product is called magnesium phosphate ceramic/cement
(MPC). The earliest reported research on MPC was by Prosen (193D, and
Earnshaw (1960)Some magnesium phosphdtased ceramics set very fast and
they are also soluble which make them unpractical for structural applications
(Finch & Sharp, 1989)The solubility of these ceramics can be by an
additional cation provided as a soluble phosphate. The necessary additional cation
can be provided by salts such as ammonium monohydrogen phosphate,
ammonium dihydrogen phosphate, ammonium polyphosphate (Sugama &
Kukacka, 1983), aluminum hydropsmhate (Ando te al., 1974), sodium
polyphosphate (Demotakis et al.,, 1992), or potassium dihydrogen phosphate
(Wagh et al., 2001; Wagh, 2004).

One example of MPCs is magnesium ammonium phosphate ceramic grout
which is used for rapid repair of structuresdald climates, and for repair of
industrial floors and airport runway&l-Jazairi, 1982) Magnesium potassium

phosphate is also among the magnesninosphatédased ceramics which is used



for stabilization and solidificationfdow-level radioactive and hazardous wastes
(Wagh et al 2001).

MPC mortars also exhibit double the abrasion resistance when compared
with slabon-grade floor concrete and to be nearly equal to that of pavement
concrete (Yoshizake et al., 1989; Seedtral., 1994).

In cold climates, concrete can be damaged by frost action. The use of
deicer chemicals amplifies the problem. Experiments were conducted by
Yoshizake et al. (1989) and Yang et al. (2002) to find the dé&iost resistance
of MPC. They use the cooling rate of about 6&/min. for 4 hours t620 2°C
and then thawed the material for 4 hr2@ 5°C. A 3% NaCl solution was used
as the deicer solution. The resustsowed that MPC has very high deiferst
resistance. The surface of MPC cagise40 freez¢haw cycles before scaling
occurred. The freezinthawing resistance of MPC was, in general, equal to that

of air-entrained PC concrete (Yoshizake et al., 1989; Yang et al., 2002).

When reinforced with steel, MPC forms an iron phosphadie &t the
surface of the steel which prevents the corrosion of the steel (Li et al., 2004). The
permeability of hardened MPC mortacan be one halthat of PC concrete
(Yoshizake et al., 1989). These characteristics result in higher resistatioe
onse of steel corrosion when compared with PC concrete.

2.1.3 Magnesiunpotassium phosphate ceramics (Ceramigrete

In an effort to develop a new material suitable for radioactive and
harzadous waste managemapplications Wagh and his colleagues (Wagh et al.,
1997; Wagh et al.,1998; Wagh & Jeong, 2003) develapadgnesium potassium
phosphate ceramic (MPPC) by the reaction between calcined magnesium oxide
(MgO) and monopotassium phosphate (RBy) in an agueous solution as

follows:

0D"Q6 000U 800 0 Qv APO0 (2-1)
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The product, which was namh€eramicretesets at room temperature like
concreteandhasa highly crystalline structe( Wa g h 2004) . Al n a s ma
little size), the slurrys mixed for 25 minutes till it forms a thick but pourable
paste. It is then allowed to set. The setting time is approximately one hour. In
| arger scale, this mixing time is reduced
to high strength, Wagh (2004lsa indicated that Eqn-2 is less exothermithan
other magnesium phosphdiased ceramicand its reaction rate is sloanough

to allow for large castings.

To further control the reaction rate during the production of magnesium
phosphatédased ceraros, the pretreatment of MgO tre use ofchemicas$ to
decrease th#gO dissolution rate can be used. In the pretreatment of MgO, the
material is calcined at high temperature to reduce the porosity of individual
grains increase the particle size and rextaflize the amorphous coatings on
individual grains(Eubank, 1951) Thus, thesolubility of MgO in the acidic
solutionis reduced and the reaction rateatarded.

Chemicals can also be used to retard the reaction ratmagnesium
phosphatébased ceramics. Several retardants, including boric acid and borates are
used to delay the setting time for magnespotassium and magnesium
ammonium phosphate ceramics (Sarkar, 1991; Wagh & Jeong, 2@@8yding
to Sarkar (1991 )horic acid can retard the reaction between MgO and ammonium
phosphate by developing a polymeric coating on MgO grains and thus reduce the
solubility of MgO. The mixing and setting time of the slurry of MgO and
potassium phosphat&Ki,PO,) can be increaseddm 1.5h to 4.5h when 6n1%
boric acid is added (WagR004).

The properties of MPPCs are mainly influenced by the reactivity of
magnesiathe molar ratio of magnesium to phosphate, #revater usage (Quiao
et al, 2010; Quiao et gl 2009). Mixing time has influence on compressive
strength of MPPCs as studied by Tassew Lubell (2013). They found that as
the mixing time increased, the compressive strengtreafenedMPPCsand the
uniformity of fresh mixture of MPPCs increasgthssew& Lubell, 2013. They
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reported that the mixing time of 7.5 minutes gave good results in terms of
compressive strengths and workability (Tassew & Lubell, 20IBg effect of
varying the water to bindemw(b) mass ratio on compressive strength of MPPCs
was also examinedy Tassew and Lubell (2013). The reswhowed that when

the fly ash loading was at 40% to 60% by total mass of the binder, the specimens
had the highest compressive strength fonifteratio of 0.20 (Tassew & Lubell,
2013).

2.2  Chemically bonded phosph&e ceramic (CBPC) matrix composites

CBPC matrix compositesan be produceldy mixinga CBPC bindemith
a secongphase materiahnd water Properties of the product can be altered by
changing themass ratio or characteristiaf additives. According to Wagh
(2004), the inclusionof fly ash in the mixture camnhance theompressive
strengthof the product byabouttwo fold. He also indicate that he thermal
insulationproperty of the product can be increased by adutisglating particles

such as ashasvdust or hollow microsphes@f silica. fiThe ability of CBPCs to

bind a range of materials (Aextender 0)

promising for niche applicatotsh at cannot be fulfill ed
(Wagh, 2004)

When binderscontainng Mg, Fe, Zn, and Ca are used to produce CBPC
composites, these compositkave similar physical propertieto conventional
Portlandcementbut suitable extenders cae added tenhance them at very high
loading (Wagh, 2004) Meanwhile, Portland cement can only incorporate
extenders at lower loading than CBRPThis difference igxplained bythe acid
base reaction to produdeBPGs, while it is an alkaline systemfor Portland
cementSince aidic, neutral or alkaline componerttan be addeth an acidbase
reaction, this make€BPCscapable of incorporating higher loading of extenders
compared with conventional cement, which only accepts neutral and alkaline

components at a small load facf@vagh, 2004).
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Furthermore CBPC matrix composites can incorpigrahigh volume of
industrial wastes including: fly ashon tailings red mud machining swarfs, and
wood wastes such as sawdust and wood chipgagh, 2004) Li et al. (2004)
stated that A MPC ctexit industrialdwastes tb aigeful o f
constuction materials. If the wastes were toxic, MPC can solidify and stabilize
t h e Byoincorporating these industrial waste products, tl&BEC composites

can be produced with a lowenit costcompared to a pure MPPC matrix

2.2.1 Chemically bonded phosphateramics incorporatingfly ash

Wagh (2004) stated that fly ash is not only miscibla @BPC slurry, but
it can reducedhe viscosity and make the slurry smodttr, easierpumping and
pouring. According to Wagh (2004), CBPC matrix composites can incaepora
50-70 wt% fly ash which is significantly higher than tigpical maximum loading
of 25wt% for Portlandcement.This higher loading of fly ashelpsto reduce the
effective cost of CBPC productswhich is much higher than that &fortland

cement

The nclusion ofClass Hly ashcouldincreasehe compressive strength of

CBPC matrix compositeby 75% compared to Portlandement(Wagh, 2004).
When Class C fly ashis used, the compressive strength could be increased by
three fold compared withPortland cement (Wagh, 2004).The compressive
strength of astbasedCBPC matrix compositeould reachthe maximumwith a

fly ash loading of 5860% (Wagh, 2004).Tassewand Lubell (2013 also
conducted experiments to examine the influencélass Cfly ashloadingon the
compressive strength of MPPC binders and sand mortarsthsik’PC binders

The resul showed thathe highest compressive strength was achievieeh the

fly ash contentvas50% of thetotal binder mass anthew/b ratiowasO0.20.

Ding et al (2005) explained the increase in compressive strength of MPC
bindes when fly ash is included by two factors: physical factor and chemical
factor. AA physical effect may occur

the MPC matrix and densify the enall structure of the MPC binder. A chemical
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effect may also occur where by interaction hagrthe interface of the fly ash

grains and the ph@®phate gel 06 (Ding et al

Li et al.(2004) examined the strength development of MR&tarsusing
differert hard burnt magnesia (containi®§.6% and 71.6% magnesium oxide)
and a Class Hy ash. The resuitshowed that, for both types of magnesia, the
MPC mortars with 3¢60% fly ashby weightexhibited higher strengththan the
sampla without fly ash The highest strength occurréat the samples with 40%
fly ash. The research also showed an increase indlastic moduluof MPC
mortarswhen fly ash was included. For MPC mortars with 831&%gnesium
oxide-containing magnesia, the elastic modulus in@dasom 27.47 to 31.85
GPa when the content of fly ash increased from 0% to 40%, respe¢tivetyal.,

2004) Li et al.(2004) also found that mixes containing fly ash developed strength
much faster than mixes wit hdBAhasfthey ash.
effect of reinforcement to strength, even if MPC mortar were cured under very

|l ow temperat2004eso (Li et al

CBPC productsusing Class C fly ashhave shorterseting times than
products using lass F fly asiWagh, 2004)Wagh (2003 explained his by the
level of CaO contained in Class C fly ash which is much higher than that in Class
F fly ash SinceCaO dissolvesrapidly in the acidic solutionClass C fly ash is
more reactive than Class F fly ash (Wagh, 206#)wever, Class C fly sh
should be used in combination with Class F fly ash in large ceramics because
the reaction between CaO and the acid solution generates considerable heat
during the setting time of the produ¢®agh, 2004)

Tassewand Lubell (201Balsoexamined he influence of Class @y ash
loading on density ofhe hardenedPPCs.They useda controlIMgO:MKP:FA
mass ratio of 1:3.4:4.4 artde water to binder ratiof 0.22 They found that when
the fly ash content increased, the density of MPPCs decreasediaghoiSince
the unit weight ofly ashis lower than that ofhe MPPC binderadding more fly
ash resulted in decrease in overall density of the product (Tassew & Lubell,
2013) When the fly ash content varied from 40% to 80% of the total mass of
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binder, the average densitiemeasured were from820 kg/m® to 1553 kg/nd
(Tassew& Lubell, 2013.

2.2.2 CBPC mortars produced using sand aggregates

Quiao et al (2010) and Ding et a(2005) found that thelastic modulus
andcompressive strength of MPC mortars @éased when the sand to binder ratio
or the water to binder ratincreasedTassewand Lubell (2013 confirmed this by
conducting experiments on sand ceramic moa@&M) using MPC binders. The
experiments used the MgO:MKP:FA mass ratio of 1:3.4:4w/bamass ratio of
0.20 and two different types of sand. The resshowed that the compressive
strengthof both SCMs increased by 28.7% as the binder to sgo/d) ratio
increased from 1.0 to 3.However, withthe MgO:MKP:FA massratio as
1:3.4:10.3, the @mpressive strength of boBCMs showed negligible difference
as theb/s ratio increased from 1.0 to 3.0. This was explained by the overall
weaker binder matrix from the binder with MgO:MKP:FA ratio of 1:3.4:10.3
compared to the binder with the ratio 08.4:4.4.

Tassewand Lubell (201Balso examined theate ofcompressive strength
development of SCMsThe result showed that SCMs with MgO:MKP:Fkass
ratio of 1:3.4:4.4 reached 18.3%, 51.5% and 75.9% ofd&8 compressive
strengths at 2 hrs, 7 hrs a2d hrs after casting, respectiveft the age of 3 days
and 7 days, these mixes exhibited 84.0% and 93.8% of Huay28ompressive
strength, respectively. The strength development also varied with the fly ash
contentand adding more fly ash resultedower strength gain (TasseivLubell,
2013).

For the elastic modulus of SCMs, Tassawd Lubell (201B8showed that
with different types of sand used, SCMs exhibited similar se&am responses
with only minor nonlinearity up to the peak stresBor three types of sand
examined, the modulus of elasticity of SChMigh the MgO:MKP:FAmassratio
of 1:3.4:4.4ranged from 21.3 to 24.1 GRa28day agg Tassew& Lubell, 2013).
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Flexural strength of SCMs was also determined in the study by Tassew
and Lubel (2013. For three types of sand examined, the moduli of rupture of
SCMs with the MgO:MKP:FAnassratio of 1:3.4:4.4 were from 5.8% to 6.7% of
the corresponding compressive strength atdag (Tassew& Lubell, 2013).

They found thatthe mixture with thecoarsest aggregate grading exhibited the

highest compressive strength, modulus of elasticity and modulus of rupture.

2.2.3 Chemically bond phosphate ceramics reinforced gifissfibers

Benturand Mindes(1990) and Banthiand Shend1996) studied the use
of discontinuous short fibers randty distributed within concrete. They showed
that the fibers can increase flexural strength, -pomtking capacity, impact

resistance, and energy absorption capacity.

Jeong and Wagh{2003) examined the effect of gladsbers in ash
containingMPPC Chopped glass fibers of length 0.25 in (0.6 cm) and 0.5 in (1.3
cm) were addetb the ash powder blend and MPBRI-3% by total weight of the
mixture They found no agglomeration of fibers occurred during the mixihg.
flexural strength increased as more fibers were added (Jeong & Wagh, 2003).
Higher flexural strengthwereobtained formixes containing longefibers (Jeong
& Wagh, 2003).They also found thathe glass fibers increased the frae
toughness for these mixekeong & Wagh (2003) reported thhetfiber surfaces
not damaged by corrosion because hlaedenedViPPC matrix is a neutral pH
whereasn the highly alkaline matrix of conventional cement, the glass fibers are
damagedJeong & Wagh, 2003)

The influene of theglass fibermass contenbn the bending response,
density and compressive strength of ceramic concrete understaisiloaihg
was evaluated by Tassew et @010). The researcherssed ceramic concrete
which combined MPC bindes with lightweight expanded clay aggregate and
chopped glass fibers of length &8n. The resu#t showedthatanincrease irthe
fiber content had a negligible influence on tomcretedensity. The compressive
strength increased by 26.7% when the fiber content inetelasm 0% to 2% by
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mass of the total mix (Tassew et, &010).For flexural strength under thepbint
bendingwith quaststatic loading, Tassew et al. (2010) reported that fibers had
negligible influence on the initial stiffness. However, the maximuawl lcapacity
increased with an increase in the fiber content. An increase by 176% was
achieved when the fiber content was 2% by total mass of the mix compared to a
similar mix without fibers (Tassew et al., 2010). An increase in the fiber dosage
from 0% to 2% by total mass of the mix also resulted in an increase in the
modulus of rupture from 8.6 to 12.6% of the compression strength (Tassew et al.,
2010). For fiber contents above 1% by total mass of the mix, the increase in fiber

content also increased trmighness of the specimegii@ssew et al., 2010).

Textile reinforcement has be@noposedor applicationwithin structural
membes since it provides advantagesompared to anventional steel
reinforcement. Glass textile reinforcement lightweight and has excellent
resistance to corrosion, can match almost any geometric,sinap@ffes easier
handling and rapid placement (Tass&w.ubell, 2010).

A study by Tassew and Lube (2010) examined a layered system of
ceramic compositewith textile reinforement.Two types ofglassfiber textiles
were used to reinforce structural panels cast weittner sand concreteor
lightweight concretecontainingexpanded clay aggregate. MPPC bisdeere
used to produce the concret&ull-depth panels and partidept precast panels
were examined in this studythe resuls showed thathe specimen height, the
number of layers of textileeinforcementind the construction typal influenced
the peakioad sustained byhe panelqTassew & Lubell, 2010).The post peak
response was also reported to be influenced by the type of fiber, the stiffness of

fiber and the type of construction (Tassew & Lubell, 2010)

2.2.4  Chemically bondd phosphate ceramics reinforced with natural fibers

Sincethe hardenedCBPC matrix isa neutrd pH and itis formed atroom
temperature, avide range of fiberscanbe added in the matriguch asnatural

fibers (wood, cellulose, cottan) and artificial fibers (such as nylorfyVagh,
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2004) Among those,wood compositeshave the greatest potential besa
bondng can be developdaktween the natural fiber surface and the CBPC matrix
(Wagh, 2004) This bonang helpsto produce thesuperior fibesreinforced
compositegWagh, 2004).

Li et al. (2004) examined particleboards produced with MPC binder and
wood wastethat was described dsto 5 mm long, dInm thick and 2 to 3 mm
wide. After mixing and castinga pressure of 18.3 MPa was appliedhe fresh
mixture of wood waste and MPPC binder for 30 to 90 minutes. Tdmyrted that
with the composition 050wt% of wood and 50wt% of bindethe particleboards
exhibited approximately 10.4MPa in flexural strengtiLi et al., 2004) When
60wt% and 70wt% of woodvere used, the flexural strength of the specimens
reduced significantly t@.8 and 2.1 MPa, respectlydLi et al., 2004)

A study conducted by Donahue and Aro (20@Mowedthat waste pulp
and paper mill residues can be addedMBPCsto create durable blding
materials. They examinéddoard specimens produced witiPPC binder waste
residue, fly ash rad other additives. These boards were -@okksed during
setting. Four waste residlPPC mass fractiondrom 0.63to 1.1 and four
FA:binder massratios from 0.25 to 1.0 were usedhe results showed th#te
densities of these boards were from 1112 t671g/n? and they decreased as the
waste residudPPC mass ratio increased.Water absorptions and volume
swelling of the boards after a 24 hour water saake from 25.2 to 31.4% and
from 1.2 to 2.6%, respectivelwith the higher values associated withigher
waste residudPPC massratios. The highest modulus of rupture (3.3 MPa) was
obtained fora board which had thevaste residue:MPP@&assratio of 0.79 and
the FA:binder ratio of 0.43Donahue and Aro (2009) suggssstisinga FA mass
fraction at0.40-0.45 of the total mass of & + MPPC binder because ntay be

bestfor increasinghe modulus of rupture.

Other propertiesf these boards were also examined by Donahue and Aro
(2009) including thckness swell, screw withdrawal amaternal bond strength

They reported that the particleboardst or exceeded the minimum requirement
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for all properties of LB1 grade particleboardxcept MOR(Donahue & Aro,
2009)

2.3 Prior studieson Portland cement concrete

Although MPPC materials have been used in structapglications in
recent years, the knowledge base in this area is still limited. In contrast, Portland
cement has beea popular construction material for a long time. Thusre
literature is availabldor studies using Portland cement than for MARGed
materials. Supplementary materiaisicluding silica fume, bentonite aridelvo
Stabilizer haveall been proposed for Portland cement concretes to increase their
performance. Howeverhereis no literatureavailable for use ofhosematerials
with MPPCs.This sectionpresents theesults from prior researabn the use of
silica fume, bentonite and Delvo Stabilizer Portland cement concretd®ased
on the knowledge obtained from this section, silica fume, bentonite and Delvo

Stabilizer were trialetb examire their effect on MPPC binders

There is also no referenesailable aboutise of baking soda in Portland
cement concrete or MPPCs. However, the idea of using a foaming agent to create
a light weight concrete is not new in Portland cement concrete. Bakaeg soda
is also a foaming agenthe influenceof foaming agent®n the properties of
concretds discussed in this section.

2.3.1 Incorporation of silica@ime in Portland cement concrete

Silica fume(SF)was defined bACI 116R9 0 as HAverswlineEi ne nonct
silica produced in electric arc furnaces as aptduct of the production of
el ement al silicon o.rltcantainsonyosy of@moanphous ni ng si |
silicon dioxidein spherical particlesvith the typical diameter frord.1 to 0.2 a
(ACI 234R-06).

Silica fume was first consideredor use in concreté¢o improve the
properties of fresh mortaGharp 1946)andto partially replace the cement (ACI
234R06). However,SF is currently used ithe producton of highperformance
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concreé mainly because itan enhancthe compressive strength and durability of
concretg/ACI 234R-06).

Silica fume has severainfluenceson the properties of fresh concrete

including: water demand, workabilitigleeding and plastic shrinkage

The additionof SF increases the cohesion of fresh concrete and makes it

less prone to segregation than concrete without SF (ACI -283RSilica fume

has very high surface ar¢&3,000i 30,000 ni’kg) which leads to a increase in
water demand of concretgs SF is aded (Scali et al, 1987). Also, the high
surface area of SF to be wetted reduces the free water in the mixtutieuand
significantly reduces the bleedingf fresh concrete(Grutzeck et aJ 1982)
However, this redumn in bleeding increases the potehfiar plasticshrinkage
crackng which occus when water evaporates from the concrete surface faster
than bleeding water appears at the surfacgshenwater is lost into the subgrade
(ACI 234R-06). Thus, rapid moisture losat early age should be prevead by
protecting the surface of freshly placed concrete containing SF (Jahren, 1983).

Based on experiments conducted by many researchers, ACI-G84R
shows that he modul us of el ast |total shyinkagePoi ssonos
flexural and splitting tesile strengthsof hardened Portland cement concrete

containing SFare similar to those of Portland cement concrete without SF.

Silica fume, however, influences the compressive strength of Portland
cement concretdJnder normal curing temperature, SF d@aprove the strength
development of concrete at early ages up to 28 days (ACI-28LRNhen SF is
added to the mixture of Portland cement and fly ash, it significantly increases the
compressive strength of the mixture at the age of 1 day (ACI-28JRACI
234R06 also indicates that the compressive strength at 28 days of concrete
containing SF is always higher, significantly in some cases, than that of the

concrete without SF.

Several studies have been conducted to determine the influence of curing

temperature on the compressive strength of SF concWteen concrete was
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cured at 56F (10C), the addition of SF @l not significantly influence the
compressive strength of concrete at 7 days butliatlboth 28 days and 91 days
(Yamato et al 1986). However, vhen the curing temperatuveasincreased to

68, 86, or 14% (20, 30 or 6%C), the Zday compressive strength and strengths
after longer curing periods were increased significantly with the presence of SF
(Yamato et a| 1986).

According to ACI 23R-06, the strength development of SF concrete is
faster than that of concrete without SF at ages up to 91 rdggsdless of the
curing conditions After 91 days, the strength gain of concrete containing SF is
generally lower than that of the concretehwitit SF (ACI 234R06).

Although silica fume has beenmidely used in Portland cement concrete,

no prior study on use of silica fume in MPPCs can be found.

2.3.2 Use of Delvo Stabilizer in Portland cement concrete

Delvo Stabilizer wadirst developed in 198@o help concrete producers
deal with the disposal of returned plastic concrete and concretewadshfrom
truck drums (Glauberman, 201Moreover, t can be usetb extendseting time
of conventional concrete and presefivesh concrete dimg job delag/truck
breakdowngGlauberman, 2011).

The influence of Delvo Stabilizer on properties of Portland cement
concrete was examined ltige California Department of Transportati¢froole,
1990).The resuls showed thathe stabilizing agent had insignificanfluence on
the flexural strength, modulus of elasticity and abrasion resistanceofmrete
specimens Slightly higher drying shrinkage values were observed tfo
specimens from the stabilized néwmpared to thosom a control mix during

the first21 days but the difference was negligible after six months (Poole, 1990).

The effect ofthe stabilizing agenbn the properties of mortargas also
examinedby Borger et al (1994). They reported that the workability was not
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affected by Delvo StabilizerSpecimens from the stabilized mix had equal or

higher strength than those frdhre control mix (Borger et al 1994).

Although Delvo Stabilizer has been used to control the setting time of
Portland cement concrete, no prior literature on its influendbe®setting time of
MPPCs can be found.

2.3.3 Use ofbentonite in Portland cement concrete

Bentonite isa clay typically producedfrom the alteration of volcanic ash
which containsmainly smectite mineralsysually montmorillonite(IMA -NA,
2009) Bentonite exhbits strong colloidal propertieand when coming into
contact with water it increases several times in volwreating a gelatinous and
viscous fluid (IMA-NA, 2009) Moreover, it also has somspecial properties
including hydration, swellng, water absgtion, viscosity, andhixotropic which

make it a valuable materidr manyapplications MA -NA, 2009).

Bentonitecan be used iwivil engineering applications as a thixotropic,
supporing and lubricatingmaterial in the construction ofdiaphragm walls,
foundations, tunneling, drilling and pipe jackingMA-NA, 2009) Since
bentoniteenhancewiscosity and plasticityit is alsoused in Portland cement and
mortars(IMA -NA, 2009).

Dolen and Benavidez (1998) examined the influence of bentonite on the
meclanical properties and workability properties of lstwength concrete.
Bentonite was useat zero (control mix), 10, 15 and 20% by mass of cement plus
bentonite. The resdishowed that bentonite reduced the compressive strength of
low-strength concrete & 7, 14, 28, and 90 days after casting and the decrease in
strength increased when higher bentonite fractions were used (Dé&len
Benavidez, 1998)The modulus of elasticity also reduced when bentonite was
added (Doler& Benavidez, 1998). The study foutltht thedesignwater content
requiredto maintaina constant slump increased with the increase in bentonite

content. Due to highetesignwater contentwhen the bentonite content increased
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from zero to 10, 15 and 20%e density of fresh concrete deedby 3.1, 4.1
and 5.5%, respectively (Doléh Benavidez, 1998).

Although bentonitdas been used previoustyPortland cement concrete,

no prior literatureon theuse of bentonite in MPR®an be found.

2.3.4 Use of baking soda in Portland cement concrete

Lightweight foanedor cellular concretearetypically produced bydding
a foam toa cement slurryCellular concretes have much lower densities than
typical concrete due tthe air bubblesof the foamentrained within the concrete
(Dattel, 2002) According to Dattel (2002), although cellular concretes have
significantly lower density compared with normal concretes, they stestain
impressive compressive forcefhis makescellular concreteideal for use in
roofs, flooring materialsand in caseswhere normal concretescan create soil
settling problemgDattel, 2002).

Baking sodd(i.e. sodium bicarbonajeeleases carbonic air bubbles when
comingin contact withan acidic solutionlt was hypothesized that baking soda
could be used as a foaming agent iIPRCs becausthey are produced by an
acid-based reactionrMeanwhile, baking soda will not wor&ks a foaming agent
with Portland cement which is an alkaline syst®&.prior research othe use of

baking soda to create foamMPPGs can be found.
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Chapter 3 MIX DEVELOPMENT

3.1 Introduction

According to Wagh and his colleagu@¥agh et al., 1997; Wagh et al.,
1998; Wagh & Jeong, 2003MPPC can be produced by the reaction between
calcined magnesium oxid®dgO) and monopotassium phosphate ¢(RBY) (i.e.

MKP) in an aqueous solution as follows:
0 Q6 000U 800 0 QU 30U (3-1)

The reaction rate and properties of the product obtained from Efjn. 3
depend on the molar ratios between MgO and MKP or the additifiy» adhand
other compounds (Wagh et,a997;Wagh et al.1998 Wagh & Jeong2003).

This chapter reports the development of MPPC concretes/wood
composites usinthe MPPC bindedescribed in Eqn.-3.

In this researchMPPC concretes/wood compositegere poduced with
the desired properties includindight weight, moderate strength, suitable
workability and low cost Several additives and aggregates were examined
including fly ash, silica fumesand, sawdust, bentoniteaking sodaand Delvo
stabilizer. The effect of chopped glagibers and textile glasBbers on the
properties of MPPC concretes/wood composites was also examined.
Characterization of materialdevelopment of mixing and casting proceduessl

testing méhods are reported in this chapter

3.2 Materials
3.2.1 Magnesiunoxide

The calcinedmagnesium oxideMgO) used in this studyvas obtained
from Martin Marietta Magnesia Specialties, LL&hd had the product name

MagChem10CRThe manufacturer reported material properties9afé MgO by
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weight with a specific surface area of 0.3mand aminimum 95%of particles

passing the 200 mesh size.

3.2.2 Mono-potassium phosphate

The fertilizer grade monopotassium phosphateMKP] (KH,PO,) was
produced byRotem Amfert Negev LtdThe chemical composition of MK i
51.5% BOs and 34.0% KO.

3.2.3 Flyash

Class Cfly ash obtained froma local coaffired thermal power plant was
examined in this researciihe fly ash source was the same as used in earlier
studies by Tassew and Lubell (2012) so that the chemical composias
relatively consistenfThe chemical compositioas reported byassew and Lubell
(2012)is providedin Table 31.

Table3-1: Chemical Composition of Class C Fly ASlassew & Lubell, 2012)

Mass fraction (%)

MgO CaO SiO, Fe,0Os Al,0O4 SG; Na,O
1.22 10.97 55.53 3.62 23.24 0.24 2.83

3.2.4 Aggregates

Angular quartz sand inofir different particle size gradations/ias
examinedn this study.The patrticle size dtributionsweregivenby Sil Industrial
Minerals a shownin Figure 3-1. Thefineness modulus of sarygpesl, 2, 3 and
4 werel.0, 2.4, 3 and4.0, respectivelyAll sand hadhe specific gravityof 2.65

g/cn? and moisture content of <0.1%.

3.2.5 Sawdust

The sawdust used in this studywas waste MDF (medion density
fiberboard) dustsupplied by Canadian MDF Products Compd@ANTRIM).
The particle size distribution ofthe sawdust was obtained from sieveabysis
according to ASTM C1366 and is shown in Figure-B. The moisture content of
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the sawdustof 5.1% by masswas obtained using the moisture content test
procedures specified by tidberta Ministry of Transportatio(ATT-15/96. The
sawdust had loose and compact unit weightt 178 kg/ni and 230 kg/m
respectivelybased oASTM C29C29M-09.

; /1

50 4 |
50 / I / —-Sand 2
10 pr.d |/

20 / I I / ——Sand 3
20 / i } / =#=Sand 4

S S AT 0 o

0.05 0.5 5

/ Sand 1

% Passing

SieveSize (mm)

Figure 3-1: Particle size distribution of and and sawdust

3.2.6 Silicafume

Silica fume is a byproduct collected in electric arc furnaces from the
production of elemental silicon or alloys containing sili¢a&1 116R-90). Silica
fume can be used to enhance theechanical property and fresh property of
concrete.The undensified #ica fume examined in this study was obtained from
Elkon Products InckFrom the suppliethe materiais reported to hava specific
gravity of 2.2g/cnt, with 2.95% ofparticles retained orthe No.325 Sievdi.e. 45

‘ @. Thechemical compositioas reportedby the supplier igiven inTable3-2:

Table3-2: Chemical composition of Silica Fume

Mass fraction (%)
. . Moisture Loss on
SIC, SOs cl K20 N&O  content Ignition
95.57 0.3 0.06 0.51 0.17 0.61 1.93
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3.2.7 Baking Soda

Baking soddi.e. Sodium Bicarbonate) was used in this study timming
agent During the mixing procedure, bakisgda reacts with the acid part of the
mixturesto releaseCO, in the form of bubbles Thesebubbleshelp reduce the
density ofthe cement past&@he foamingactionalsoprovides a lubrication effect
for the materials to allow improdemixing, therebyincreasng the quality of the
mix. The food gradebaking sodaxaminedn this studyis a producbof ARM &
HAMMER.

3.2.8 Bentonite

Aquagelviscosifier grade Bentonite was obtained from Baroid. From the
manufacturer, Bentonitprovides viscosity and reduces fluid loss for the .mix
Also, Bentonite swells significantly in water and can fill the voids ofdbecrete
(Kosmatka, 2002)This helpsdecreas¢he permeability of concretélhe chemical

composition of Aquagedsreported by the manufacturersBown inTable 33.

Table3-3: Chemical composition of Bemtibe

Substances Percentage(%)
Bentonite 92-100
Crystalline silica, cristobalite 0-1
Crystalline silica, tridymite 0-1
Crystalline silica, quartz 1-6

3.2.9 Retarder

In prior studies, borax or lignosulphonatereused to retard the setting
time of MPPCs \(Vagh, 2004; Tassew & Lubell, 2012; Tassew & Lubell, 2013)
but no study has examined the influence of Delvo Stabilizer on the setting time of
MPPCs. In this researchhe adiitive Delvo Stabilizerwas examinedto control
the reactiorrate betweenthe MgO ard MKP and retard the setting timBelvo
Stabilizeris a product of BASF Canada Inand is reported t@ontain 15%

Phosphort acid
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3.2.10 Glassfibers and textile glasfabrics

Alkali resistant (AR) glas$ibers used in this studyvere obtained from
Nippon Electric Glass America, Ind=rom the supplier,hie diameter,length and
tensile strength of the individual fiteewere 0.0134mm, 13 mm and 0.44 kN
respectively(Figure 32). The fibes are in bundleas cutroving and theirdensity

was 2723 kg/m AR-glass fibers were added in mixes for cube, prism and

cylinder specimens.

A comnercially availdle glasdfiber textile fabric used to reinforceome
panel specimengas suppliedy St. GobainTechnical FabricgFigure 3-2). The
mesh spacing anareaking stengthof the textile were 8.33 miin both directions

and 200kN/m, respectivelyThe textile was flexible and could be rolled for ease

of transportation.
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Figure 3-2: Glassfibers andtextile glassfibers
3.2.11 Water

Municipal tap water from Edmonton, Alberta was used for all mixes in

this research

3.3  Mixing procedures and specimenpreparation

The dry ingredients of thBIPPCbindes were prepared at the mass ratio
of MgO:MKP=1:3 which is similarto the molar ratios in Eq8-1. Thefly ash
content was used &0% by weightof thetotal binder.Prior research by Ding and
Li (2005)and Tassevand Lubell (2018showed thatvhenFA is added with the
content of 8-50%, the MPPC binders exhibit superior prdjes.
28



For mixes using sawdust, prior study by Donahue and Aro (2009) suggests
using a FA mass fraction 40 to 45% of the total mass of FA + MPPC binder
because it may be best for increasing modulus of rupture. In this shedyA
contentwasvariedfrom 20%to 50%by weightof thetotal binder to examine the

effect of FA content on the compressive strength ofM&PCwood composites

The waterto binder (v/b) ratio was varied for each mix to find the
influence ofw/b ratio on the strength of theroduct The mixing water quantity
mustalsobe sufficient teensurean aceptable workability for the fresh mixtures
In this study, flowable mixes that weeasy to casind to compaatere desired

3.3.1 Trial mixes using bentoniteilisa fume, and,bakingsodaand sawdust

For different types of aggregatand fillersexaminedn this study seven
groups of mixes were preparadth the mix compositionas shown in Tabl8-4,
3-5 and 36. Two groups ofMPPGs named as TB and T@®ere producedusing
viscosifier Bentonite andiller Silica Fume Two groups ofsand mortarsamed
as TSS and TBa®ere made bycombining sandwith Silica Fumeor Baking
soda The last three groups were MPPCs wood composites which were named as
TSa, TSaS and TSaBaS. These MPPC wood ositgs were produced by
mixing sawdust, sand and baking soda.

For convenience of recording and managing the data, all mixes in this
study were given a coded mix identifier. For trial mixes that consisted of only
MPPC binders (control mixes), the mix ID niagp convention had the form: T(x);
where T denoted a trial mix and x represented the age of the specimen at the time
of testing. For example: T(3) was the trial mix of only MPPC binder and the
specimens were tested at the age of 3 days after casting.

For MPPC concretes, the nomenclature to identify the mix design is
illustrated in Fig.3-3. Depending on the compositions and ingredients of each
mix, the naming convention had several components as shown in the figure: the
first letters indicated the inclusiaf Bentonite, SF or baking soda in the mix; the

following number indicated the content by mass percent of those ingredients; the
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next two components indicated the sand type and sand content; two values in the
parentheses showed the age of the specimémeatime of testing and the/b

mass ratio, respectively.

TB 1 S3 5 (7) (0.20)
L Trial mix used
TB, TS, TBa: Bentonite, SF, baking so
Content
01,03,05,15:0.1,0.3,05,1.5%
1,2,3,5,10,15 :1,2,3,5,10,15%
Sand type
S1,S2,S3,S4:sand 1, 2, 3,4
L Sand contentisratio)
56,7,81: 1.0.5,1.0.6, 1:0.7, 1,181
Age (days)
L wibratio

Figure 3-3: Specimen identificatiorfor MPPC concretes

For MPPC wood composites, the nomenclature used to idenéfyntk
design is illustrated in Fig3-4. The naming convention had several components
as shown in the figure: the first letters indicated the trial mix incorporating
sawdust; the following number indicated the FA content by percent of the total
mass of MgQ MKP and FA; the next two components indicated the baking soda
content by percent of the total mass of the mix and sand type; two values in the
parentheses showed the age of the specimen at the time of testing antd the

mass ratio, respectively.
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TSa 5 Bal S3(7) (0.40)

T T Trial mix incorporating sawdust
Fly ash content
2 :20% 1:3:1
3 :30% : : 1:3:1.71
4 : a0y MOOMKPFA— ao6r
5 :50% 1:3:4

Baking soda content
Bal,Ba2,Ba3: 1,2,3%
Sand type
S3,S4: sand 3, sand 4
Age (days)
L w/bratio

Figure 3-4: Specimen identificatiorfor MPPC wood composites

Table3-4: Mix compositions of MPPCs and sand mortars

E "0 binder/sand ratio
. v I= .
Group | Series | 3 | £ SF wi/b ratio
% @ Sand 1| Sand 2| Sand 3
T T 1:3:4| - - - - - 0.20
TB1 1:3:4(1.0| - - - - 0.160.28
B TB1.5 |1:3:4|15]| - - - - 0.160.26
TB3 1:3:4| 3.0| - - - - 0.180.28
TS5 1:3:4| - 5 - - - 0.20
TS | TS10 1:3:4] - | 10 - - - 0.20
TS15 1:3:4| - | 15 - - - 0.20
TS5S1 | 1:3:14| - 5 1:1 - - 0.20
TS5S2 | 1:3:14| - 5 - 1:1 - 0.20
TS5S3 | 1:3:4| - 5 - - 1:1 0.20
TS10S1| 1:3:4| - | 10 11 - - 0.20
TSS | TS10S2| 1:3:4| - | 10 - 1:1 - 0.20
TS10S3| 1:3:4| - | 10 - - 1:1 0.20
TS15S1| 1:3:14| - 15 1:1 - - 0.20
TS15S2| 1:3:4| - 15 - 1:1 - 0.20
TS15S3| 1:3:4| - 15 - - 1:1 0.20

" Bentonite and SF content by mass percent of the binder




Table3-5: Mix compositions of sand mortars and MPPC wood composites

| E “.‘é binder/sand ratio
Group | Series é o w/b ratio
Q | © | Sand 3| Sand 4
2 | o
TBa01S45 1:3:4| 0.1| - 1:0.5 0.20
TBa03S45| 1:3:4| 0.3 - 1:0.5 0.20
TBa05S45| 1:3:4| 0.5 - 1:0.5 0.20
TBalS3l| 1:3:4|1.0| 11 - 0.200.26
TBaS | TBalS45| 1:3:4| 1.0 - 1:.0.5 0.20
TBalS46| 1:3:.4| 10| - 1:0.6 0.20
TBalS47| 1:3:4| 10| - 1:0.7 0.20
TBalS48| 1:3:.4| 10| - 1:0.8 0.20
TBa2S545| 1:3:4| 2.0 - 1:.0.5 0.20

’ baking sodaontent by percent of thietal mass of dry ingredients;

Table3-6: Mix compositions of sand mortars and MPPC wood composites

I s binder/sand ratio
1 i 8 *k
Group Series < o | b/sdt w/b ratio
Oz__;, % Sand 3| Sand 4
m
=
TSa | TSad 1:3:4 | - | 1:0.2 - - 0.320.50
TSa254 1:3:1 - 1:0.2 - 1:0.5 0.36
TSas | TSa3s4 1:3:1.71| - | 1:0.2 - 1:0.5 0.36
TSa4S4 1:3:2.67| - | 1:0.2 - 1:0.5 0.36
TSa2BalS3 1:3:1 |[1.0| 1:0.2 | 1:05 - 0.36
TSaBas| 1Sa2Ba2S3 1:3:1 | 2.0/ 1:.0.2 | 1:05 - 0.36
TSa2Ba3S3 1:3:1 |3.0] 1:02 | 1:.05 - 0.36

’ baking sodacontent by percent of thetal mass of dry ingrednts;” b/sdt: binderto-

sawdust mass ratio



The influence ofdifferent watefto-binder (v/b) ratios onthe fresh
properties of migs and the mechanical properties dfardenedproducs was
examined Different amourd of Bentonite, Silica Fume,aking sod, sand and
sawdust were examined to find the optimum amount of each material for each
product. The specimens were tested at 1, 3, 7, 14, 28, 56 days after casting to

determinghe increase in strength with time for each product.

For the mixing operatigra 20 liter capacity portable mixer was uséde
mixing speed wa60 rpm.To prepare each mixhedry ingredientqyMgO, MKP,
FA, SF, sand, bentonite and &king soda werefirst blendedfor 5 minutes.The
retarder Delvo Stabilizer waeparatelyadded tahe mixing waterof all mixes at
2% by total mass of the binder (MgO + MK&)d mixed for 60 secondall dry-
mixed ingrediets werethengradually added to theater mixture using a scoop
and mixed foran additionab minutesThe resulthg mixture wastten placed into
plasticmolds (50x50x50mm cubeslsing the scoopA vibrating tablewas used
to consolidate the mixture for 45 secontise top plane surfacaf the specimens

was maddlush with the top of the mollly using a trowel.

For mixes using sawt, the dry ingredients (MgO, FA, sand andking
soda) were first mixed for 5 minutesd set asideMKP and Delvo Stabilizer
werethenadded tahewaterof all mixes at 2% by total mass of the binder (MgO
+ MKP) and mixed for 3 minutesto make an acidi solution.Sawdust was then
added to the solution and mixed for an additional 7 minuwesording to
Donahue and Aro (2009MKP can act as a dispersant andedisinglethe wood
fibers. In addition, it may penetrate the fiber network which increasedilibe
surface availability for bondindGiri et al., 1998).Finally, the drymixed
ingredients were gradually added to the wet sawdust mixture by using a scoop and
mixed for 5 minutes. The resulting mixture was then placed into plastic molds
(50x50x50 mm wabes, Figure %) using the scoop. The resulting fresh mixture
was placed to twehird the height of the mold and tamped 15 times on the surface

usinga tamper for consolidation. The mold was filled and tamped again with the

33



same number of strokes as fbeftfirst layer. A trowel was used to make the top

plane surface flush with the top of the mold.

Evaporation of water can cause cracks on the surfa@egreventthis
moisture lossplastic sheets were used to cover tihye surface of the specimens.
The gecimens wergemoved from the molds 1 day after casti@yring was
conducted undethe ambient labratory temperature (28°C) and relative
humidity (5Gt5%) until tesing.

Test results for trial mixes are presented in chapter 4. Detailed test data for

each sample can be found in Appendix A.

3.3.2 Magnesium potassium phosphate ceramic concretes/wood composites

using dica fume, sand, baking soda and sawdust

In this stage of the research, six different mixes were further studied to
determine thenechanical pperties and fresh properties of the prodilibie mix
compositionsare shown in Table &. Two mixesnamed S5 and S10 added 5%
and 10% SF by mass of the binder, respectivdtg dther two mixesamed SS5
and SS10 alsosed5% and 10% SFybmass of the biher but includegand. The

last two mixesnamed Sa and SaBsed saw dust and baking soda.

Table 3-7: Mix compositions of MPPC concretes/wood composites for further

studies
. . Binder-to- Binder-to- Silica  Baking
Mix ID MgO.rIZItIfoP.FA sand ratio sawdustratio fume soda
(b/9 (b/sd) (%) (%)

S5 1:3:4 - - 5 -

S10 1:3:4 - - 10 -

SS5 1:3:4 1:1.0 - 5 -

SS10 1:3:4 1:1.0 - 10 -

Sa 1:3:1 1:0.5 1:0.2 - -

SaB 1:3:1 1:0.5 1:0.2 - 2

The water to binderwfb) massratios werekept at 0.2 for all mixes

without sawdust and 0.36 for mixes with sawdaoghis stageThe retarder Delvo
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Stabilizer was separately added to the mixing water of all mixes at 2% by total
mass of the binder (MgO + MKP) as described inise@.3.1.All products were
tested at 90 days after casting to find the compressive strength and flexural
strength.

The 20 iter capacityportable mixer was used for the mixirfihe mixing
operation was similar to that of trial mixdescribed irSection 3.3.1 Four types

of specimerwere cast50x50x50mm cubes, 50x50X# mm prisms, 100nm-

diameter X200mm-high cylinders, and 20x150x600m panelgFigure 35).

Cylinders Panel

Figure 3-5: Four types of specimens

For mixes using sawdust, the resulting fresh mixtures were tamped until
consolidated (the number of strokes depending on the horizontal dimension of the
specimens and the size thie tamper). A pressure of 1.5 kPa was applied on the
top of the panel specimens after the casting. The specimens were cured in a
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similar manner to the trial mixes in Section 3.3.1. Because of some expansion of
the panel specimens during the setting tithese specimens were-delded at 2

hours after casting. The 1.5kPa load was also removed at the age of one day.

Test results for these mixes are presented in chapter 5. Detailed test data
for each sample can be found in Appendix B.

3.3.3 Magnesium potassiurphosphate ceramic concretes/wood composites

reinforced withchoppedylassfibers and textile glastabrics

In the final phase of thisesearctproject choppedglassfibers and textile
glassfabricswere utilized to improve the performance of the matefiake six
mixes describedin Section 3.2.2 wereemployed againn this stage as the

matrices.

The water to binderwfb) mass ratios were kept at 0.2 for all mixes
without sawdust and 0.36 for mixes with sawdust in this stHyeretarder Delvo
Stabilize was separately added to the mixing water of all mixes at 2% by total
mass of the binder (MgO + MKP) as described in Section 3Thé.chopped
glassfibers were added at 1% by total mass of the tmithe cube, cylinder and
prism specimensThe textile dassfibers were added to the panel specimaih.
products were tested at 90 days after casting to find the compressive strength and

flexural strength.

The mixing operatiorand specimen preparation were similar to tholse
mixesin Section 3.2.2Thechgppedglassfibers were drymixed at the same time

with the other dry ingredients in the mixirsggquence

The smalscale prototype panel specimens were constructed in the
configurationshown in Figureé-6. The nominabanelthicknessvas20 mm. Two
layers of textile glassibers were positioned atfam from the bottom and the top
of the specimes. These panels were cast by placingarém thick MPPC layer
in the bottom of the mold prior to placement of the first fabric. The fabric was
then pressed gentipnto the MPPC layer and second layer of MPPC material
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was used to fill the mold to the total depth ofZIEmm. The top fabric wathen
placed on the second MPPC layer and pressed gently. Finally, additional MPPC
was added to fill the mold to the demth20 mm. The curing procedure/asthe

same to thadescribedn Section 3.2.2.

B N R T R Y

r—TZO mm

b T R T

5mm-— 5mm

Figure 3-6: Panel crosssection

3.4  Testmethods
3.4.1 Fresh property test

The flow property of the frésmateriat was determined using the Flow
Table Test Method (ASTM C14307). A flow table and a cone as described in
ASTM C230/C230 M (2008) were used to perform the test (Figife Bhe cone
has the dimensia@of 50 mm height, 100nm bottom diameter and0 mm top
diameter. To perform the test, the cone was placed at the center of the flow table.
The freshmixturewas pourednto the coneo the height of 25nm and tamped 20
times with the tamper. Then the conas filled and tamped another 20 times. A
trowel was used to make the top plane surface flush with the top of the cone. The
cone was lifted away from the mortar within 1 minute after completing the
mixing. The initial average spread diameter was measured and recorded. Then
the flow table was droppe25 times in 15 seconds. The average spread was
measured againhe flow isdefined here athe percentagencrease in average

base diameter of the mortar mass after the flow table was dropped.
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Figure 3-7: Flow test Figure 3-8: Setting time test

The settingtime of the freshmortar was determinedsing a Vicat Needle
(ASTM C19208) (Figure 38). The initial setting time was measured from the
time thedry ingredients contaetl with thewater to the time when the penetration
of Vicat Needle into the paste was measured to berd5 The final setting time
was measured from the tintkee dry ingredients contaetl with the water to the

time when there wano penetration of Vicat Needle into the paste.

3.4.2 Compression test

The compressive strength of therdenedmaterial was determined by
testing the 50x50x5m cube specimendA Forney machine wh compression
capacity of 310&N was usedor the testThe loading ratevas250kPa/s(ASTM
C39/C39M09) (Fig. 3-94). The averages ohtee testare reported unless noted

otherwise.

The uniaxial compressiostressstrain responstor the material, including
the postpeak responsayas determined btestingthe cylindersin a MTS 2600
universal testing machine withcampressiveapacity of 260&N. The cylinders
have the dimensions of 1@0m diameter and 206m height.The cylinder ends
were ground in accordance witie requirements AASTM C617%10. The loadng
was displacemertontrolledat a rate of 1.25 mm/min (ASTM C46902). Figure
3-9b shows the test arrangemédat the cylinderswith a collar system anthree
high precision LVDTsseparated by 12Ghat were usedo determine the axial
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deformationof the cylinders during the loadinglhe initial gauge length of the
LVDTs was 100mm. The averages of three tests are reported unless noted

otherwise.

(@) Cube test (b) Cylindertest
Figure 3-9: Compression test

3.4.3 Flexure test

The flexural strengtlversus migspandeflectionresponse, including the
postpeak responsa&f the 50x50x200nm prisms was determined loging a 4
point bendingconfiguration The bottom face of each specimen was-satto
make a 5mm deep notch at the mgban.MTS 1000 universal testing machine
with the capacity oflOO0kN was used for all test@@-igure 310a and Figure 3-
11a). The loading was displacemerdntrolledat a rate of0.1 mm/sec.The mid
span deflection of the prism during the test was measumsl the average
displacement ofwo LVDTs at midspan The averages of three tests are reported

unless noted otherwise.

For the flexural response of panels, -pdnt bending testonfiguration
wasused.All flexural tests were conducted according to ASTM dTBA Lloyd
testing machine with 3&N capacitywas used for all testsThe loading was
displacementantrolledat a rate of0.1 mm/sec(Figure 310b and Figure 3d.1b).

The midspan deflection of the panel duritite test was measured as the average
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displacement of two LVDTs at mispan.The averages of three tests are reported

unless noted otherwise.

5 mm notch

(a) Fourpoint bending test

(b) Threepoint kending test

Figure 3-10: Loading arrangemers

(@) Prim test

(b) Panel test

Figure 3-11: Flexure tess
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Chapter 4 TRIAL MIX PROGRAM

4.1 Intr oduction

This chaptempresents the test results firal mixes that were prepared
with different compositions and ingredient¥he mix compositions were
described in Section 3.3.The aimof this phase of thestudywas to findthe
influence of entonite baking sod, silica fume and fly €h additionson the
compression and workability properties BPPC concretes/wood composites.
Mixes that met the requirements for suitabb®mpressive strengthow density
and low cost were desirelh terms of workabity, flowable mixes that were easy
to cast and to compact were desifBdtailed results of all mixes are presented in
Appendix A.

4.2  Properties of MPPC concretesand MPPC wood composites

The workability of the triamixes was examined by observation dutting
mixing and casting procedureghe compresse strengtl of MPPC concretes
from the trial mixeswere evaluated by testin§0x50x50mm cube specimens.
The maximum loaithg valueindicated by the testg machine was recorded and
thecompessive strengttvas calculateds follows

B o (4-1)
ar u
where "Q : cube compressive strength (MPa)
P : maximum load (N)

Acuwe: area based on theadedsideof the specimer{mnr)

Detailed values of., for each individual spgmen, the average and the

coefficient of variation foeach mix seriearepresented in Appendix A.

Values of compressive strengthtbfeecube specimensf the saméatch

andtested at the same age were averaged and reported to the nearest 0.1 MPa.
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According to ASTM C109/C109M 2, thecompressive strength oaeh specimen
should notdiffer by more tharB.7% of the average valuef three cubesSince

this trial mix program was establied to understand basic trends, when the
compressive strengtlexceedd 8.7% the average value of three cylibse most
deviated result was discarded and the remaining two specimens was checked
again The compressive strength of each of two remaining specimens should not

differ by more thary.6% the average value of two csbe

421 MPPCbindersandsand mortars
4.2.1.1 Strengthdevelopmenof MPPC binders

Six trial mixes (control mixes)namedT (1), T(3), T(7), T(14), T(28)and
T(56) were prepared All mixes had aMgO:MKP:FA massratio of 1:3:4 anda
w/bratio of 0.20.Specimens were texstlat several agesf upto 56 days as shown
in Fig.4-1. A summary of the experimental data is provided in Tahlle 4

It can beobservedrom Fig. 41 that MPPC bindes had arapid strength
gain in the first 7 daysn which more than 70% of theorresponthg 56-day
strengthwas reachedThe rate of strength developmewias significantly lower
between 7 and 28 daywith the strength increasiryy 236 of the corresponding
56-day strength for a period of 21 day$e strength gain was very loaifter 28
dayswith only a 5% gainof the corresponding 5@ay strength for a period 082
days This trend of rapid strength gain at early ages is consistent with thesresult
of prior research on MPPC binddesg. Wagh, 2004 and it is suitable for some

concrete appliations that needshort construction duration

Figure 42 showsthe variation irdensityof MPPC binders at ages of up to
56 days It can be observed that the density decreadigtitly over time.The
densityat 56day agevas 97% of the correspondingddy density.
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Average densityy (kg/m?)

Ave. ommpressive strengtf, (MPa)
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Figure 4-1: Strength development of MPPC bindsin Ti series
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Figure 4-2: Densityvs. ageof MPPC bindersin Ti series
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Table4-1: Strength development BfPPC bindergw/b=0.2)

. Age Average mmpressive Average censity,

MXID Gays)  strength,fo, (MPa) OV akgmy OV
T(1) 1 13.5 0.068 1916 0.010
T(3) 3 20.1 0.064 1912 0.003
T(7) 7 24.7 0.097 1883 0.013
T(14) 14 25.4 0.091 1884 0.013
T(28) 28 32.7 0.095 1868 0.006
T(56) 56 34.3 0.057 1851 0.06

4.2.1.2 Effect of lentonite orcompressivatrengthof MPPCbinders

The nfluence on strength aficluding bentonite was studiely preparing

a group oftrial mixesnamed TB These mixes used the MgO:MKP:dassratio

of 1:3:4 The compressive strengtfrom the cubeest wereobtainedat 7 and 28

daysafter caing. Test result@resummarized in Table-2 and 43.

Table4-2: 7-day ageest result for mixesontainingbentonite

Average
. . Bentonite w/b compressive Aver_age
Series Mix 1D mass COV density,s COV
%) o Strength, (kg/m?®)
fou (MPa) g

TB1(7)(0.16) 0.16 41.2 0.128 1948 0.001
TB1(7)(0.18) 0.18 53.0 0.056 1923 0.011
TB1(7)(0.20) 0.20 43.7 0.042 1911 0.008

TB1 TB1(7)(0.22) 1.0 0.22 36.0 0.105 1871 0.008
TB1(7)(0.24) 0.24 26.1 0.063 1837 0.006
TB1(7)(0.26) 0.26 12.4 0.062 1747 0.008
TB1(7)(0.28) 0.28 19.6 0.074 1705 0.005
TB1.5(7)(0.16) 0.16 42.2 0.078 1934 0.009
TB1.5(7)(0.18) 0.18 42.4 0.031 1921 0.001
TBLS TB1.5(7)(0.20) 15 0.20 45.7 0.051 1912 0.007
"~ TB1.5(7)(0.22) ' 0.22 38.8 0.042 1859 0.009
TB1.5(7)(0.24) 0.24 30.9 0.048 1833 0.021
TB1.5(7)(0.26) 0.26 18.6 0.034 1791 0.009
TB3(7)(0.18) 0.18 49.6 0.009 1909 0.010
TB3(7)(0.20) 0.20 35.8 0.008 1924 0.003

TB3 TB3(7)(0.22) 30 0.22 39.4 0.056 1876 0.006
TB3(7)(0.24) ' 0.24 36.5 0.073 1857 0.007
TB3(7)(0.26) 0.26 11.2 0.062 1781 0.001
TB3(7)(0.28) 0.28 16.4 0.067 1746 0.011

Bentonite content is by mass percent of the binder
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Table4-3: 28-day agetest resulfor mixescontaining bentonite

Average

. : Bentonite compressive Aver'age
Series Mix ID COV density,7 COV
(%) ratio strength, (kg/m®)
fou (MPa)
TB1(28)(0.16) 0.16 59.9 0.054 1935 0.012
TB1(28)(0.18) 0.18 54.9 0.157 1933 0.012
TB1(28)(0.20) 0.20 54.2 0.040 1899 0.002
TB1 TB1(28)(0.22) 1.0 0.22 47.2 0.094 1858 0.012
TB1(28)(0.24) 0.24 32.9 0.066 1814 0.002
TB1(28)(0.26) 0.26 29.9 0.097 1713 0.003
TB1(28)(0.28) 0.28 21.3 0.062 1655 0.008
TB1.5(28)(0.16) 0.16 57.9 0.018 1935 0.008
TB1.5(28)(0.18) 0.18 45.9 0.106 1936 0.003
TB15 TB1.5(28)(0.20) 15 0.20 56.9 0.041 1893 0.006
TB1.5(28)(0.22) 0.22 49.2 0.009 1852 0.007
TB1.5(28)(0.24) 0.24 41.5 0.107 1800 0.003
TB1.5(28)(0.26) 0.26 27.3 0.044 1741 0.006
TB3(28)(0.18) 0.18 53.1 0.099 1910 0.003
TB3(28)(0.20) 0.20 59.4 0.011 1901 0.012
TB3 TB3(28)(0.22) 30 0.22 45.4 0.049 1864 0.003
TB3(28)(0.24) 0.24 46.7 0.026 1835 0.006
TB3(28)(0.26) 0.26 16.1 0.127 1761 0.010
TB3(28)(0.28) 0.28 17.6 0.008 1724 0.005

Bentonite content is by mass percent of the binder

The relationship between,fand bentonite content is illustrated in Fig. 4

3. It can beobservedhat the cube compressive strengtbreased whebentonite

was addedo the mix. At 1% by mass othe binder, bentonite increased the

strengthby 76% and 66% at 7 and 28 days, respectiwelyen compared with

mixes without bentoniteHowever, adohg more than 1%entoniteby masf the

binder did not give significant further increasgin strength Regardless of the

amount of lentonite ued, the compressive strength of all specimens increased

with ageasshownin Fig. 43 and Tale 4-4.
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Figure 4-3. Compressive strength vsebtonite contentn TB-series

Effect of variedw/b massratios on the compressive strength of MPPC
binderscontainingbentoniteis shown in Fig. 4 and Fig. 45 in which lentonite
was used at 1.0, 1&nd 3% by mass othe binder. It is observed thaat both 7
and 28 days, the strengtiecreased when the/b ratio increasedegardless of

bentonitecontent
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Figure 4-4: 7-day cube compressive strength vs. w/b réioTB-series
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Figure 4-5: 28-day cube compressive strength vs. w/b rdtioTB-seires

Table4-4: Cube compressiv&rengthof MPPC binders containing bentonite

Average amibe compressive strengthf., (MPa)
wib 1% bentonite 1.5% lentonite 3% bentonite
7-day | 28day | 7-day | 28-day | 7-day | 28-day

age age age age age age
0.16 | 41.2 59.9 42.2 57.9 - -
0.18 53.0 54.9 42.4 459 49.6 53.1
0.20 | 437 54.2 45.7 56.9 35.8 59.4
0.22 36.0 47.2 38.8 49.2 39.4 45.4
0.24 | 26.1 32.9 30.9 41.5 36.5 46.7
0.26 12.4 29.9 18.6 27.3 11.2 16.1
0.28 19.6 21.3 - - 16.4 17.6

bentonite content is iypasspercentof the binder

In tems of workability of the fresh mixturat wasfoundeaser to perform

the mixing and casting procedsi®r mixeswith higherw/b ratios. However, no

change in workability can bgualitativelyrecognized with changes bentonie

content

Densities of nxes using differenbentonte contentdested af/-day and

28-day agesre shownn Fig. 46 and 47. In generalthe densitieseduced when
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the w/b mass ratio increase@hangesn bentonite content hadegligible effect

on the densities of all mixes

2000
1950
1900
1850
1800
1750
1700
1650
1600 —|{ MQgO:MKP:FA =18
1550

Average densityy (kg/m?)

0.16 0.18 0.20 0.22 0.24 0.26 0.28

w/b mass ratio

Figure 4-6: 7-day density vs. w/b ratifor TB-series
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Figure 4-7: 28-day density vs. w/b mass rafior TB-seires
4.2.1.3 Effect ofsilica fumeon compressive stretigof MPPCbinders
To studythe effect of SF on the compressive strength of MPPC binders,

severaltrial mixesnamed TSwere prepared wittMgO:MKP:FA massratio =
1:3:4 andw/b = 0.20. Silica fume wasaddedat 5, 10 and 15% by mass of the



binder.The compessivestrength was determined by testing the cubes at different

agesof up to 56 days after castinest results are summarized in Tabig.4

Table4-5: Test results of mixes containing §#b = 0.20)

. Average
Silica Age compressive Average
Mix | D fume COV density, s COV
(%) (days) strength, (kg/m?)
feu (MPa)

TS5(1) 1 14.8 0.078 1956 0.005
TS5(3) 3 44.8 0.061 1918 0.006
TS5(7) 5 7 46.4 0.000 1899 0.010
TS5(14) 14 49.0 0.078 1905 0.004
TS5(28) 28 42.7 0.135 1901 0.005
TS5(56) 56 49.2 0.132 1910 0.003
TS10(1) 1 15.8 0.075 1944 0.007
TS10(3) 3 47.1 0.086 1930 0.002
TS10(7) 10 7 53.5 0.085 1907 0.005
TS10(14) 14 54.5 0.055 1920 0.007
TS10(28) 28 57.9 0.072 1919 0.003
TS10(56) 56 65.6 0.048 1913 0.011
TS15(1) 1 17.7 0.085 1921 0.004
TS15(3) 3 48.2 0.087 1940 0.009
TS15(7) 15 7 53.1 0.007 1916 0.004
TS15(14) 14 48.4 0.021 1930 0.003
TS15(28) 28 63.4 0.058 1923 0.008
TS15(56) 56 64.6 0.058 1907 0.007

Figure 4-8 shows that at one day after castitigg strengtls of all mixes
wereapproximatelyl5 MPa At 3 days the strengths of mixes containing SRad
increased significantlyby approximately190% of the corresponding-day
strength Meanwhile, the 3day strength ofthe mix without SF (control mix)
increasedby only 50% of the corresponding-day strength.For the period
between 3 and 28 daysteadystrengthincreases can be observed for all mixes
Strength increases were negligible for all mixes in thes€Besafter 28 days.

The resuk show thatthe addition of SF can effectively increase the
compressive strengthf MPPC binders andnhancehe strength development rate
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at early age When more SF was added, the strength increasedrdingly

There appeared to be negligible beniéfihore than 10% SF is added to the mix.

Regarding theworkability property, it wa qualitatively observed that
adding SF increasethe viscosity andreducedthe setting time of the fresh

mixture

Densitiesat several age®r mixes containingdifferent SF contentsare
shown inFig. 49. In general, the densities reduced rapidly betw#& and 7 days

and thenslowly reducedafter 7 days. The densities at 56 days were 97, 98 and

99% of the corresponding-day densities for mixes containing 5, 10 and 15%,
respectively It is also noticed that thehanges irSF content had little influence

on the density of mixes.
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Figure 4-8: Compressive strengtias.ageof mixes containing silica fume
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Figure 4-9: Densityvs. ageof mixes containingsilica fume

4.2.1.4 Effect ofsilica fumeon compressive strength gdnd mortars

Several trial mixesxamed TSSvere conducted to study the influence of
SFon the cube compressive strength of sand mortars using MPPCsbibaed
mortars containing sand 1,r&h2 and sand @/ere examinedThese nxes used
MgO:MKP:FA massratio of 1:3:4 w/b massratio of 0.20 and were tested at
different ages of up to 56 days after castidgcording toTassew and Lubell
(2013, the compressive strength of sand mortars usifgP®! bindersncreased
by approximately 28% when the bindersand b/s) mass ratio increased from
1.0 to 3.0.Since theunit cost ofsand is lower than the binder, a low#s ratio

will result in alower unit costfor the mortar Thus, ab/sratio of 1.0 waschosen

for all mixes in this section even though it would not produce the highest possible

strength.Test results are summarized in Tablé,4+7 and 48.

51



Table4-6: Test results for sandl mortars(w/b = 0.20)

Silica Age co?r:/err:sgseive Average
MixID  fume 3 D COV  density, s COV
o) (S Tl (kg/m)
cu
TS5S1(1) 1 27.7 0.081 2151 0.010
TS5S1(3) 3 30.4 0.019 2153 0.007
TS5S1(7) 5 7 35.6 0.025 2125 0.010
TS5S1(14) 14 36.8 0.087 2126 0.007
TS5S1(28) 28 44.0 0.071 2124 0.008
TS10S1(1) 1 30.7 0.016 2178 0.008
TS10S1(3) 3 34.5 0.032 2180 0.004
TS10S1(7) 10 7 35.0 0.044 2136 0.011
TS10S1(14) 14 43.1 0.029 2154 0.008
TS10S1(28) 28 39.1 0.122 2127 0.003
TS15S1(1) 1 33.5 0.069 2197 0.006
TS15S1(3) 3 37.8 0.038 2204 0.007
TS15S1(7) 15 7 37.7 0.076 2180 0.004
TS15S1(14) 14 40.8 0.080 2174 0.011
TS15S1(28) 28 46.0 0.065 2168 0.009
Silica fume content is by mass percent of the binder
Table4-7: Test results for sanr@d mortars(w/b = 0.20)
Silica Age co'?r\\/p?rrsgs?ve Average
Mix ID fume d t th COV density, s COV
(%) (days)  strength, (kg/m®)
fou (MPQ)
TS5S2(1) 1 21.8 0.022 2101 0.013
TS5S2(3) 3 25.7 0.016 2098 0.003
TS5S2(7) 5 7 25.9 0.118 2088 0.008
TS5S2(14) 14 31.4 0.093 2097 0.012
TS5S2(28) 28 36.7 0.093 2077 0.012
TS5S2(56) 56 44.8 0.036 2099 0.001
TS10S2(1) 1 27.9 0.007 2212 0.009
TS10S2(3) 3 34.3 0.080 2199 0.011
TS10S2(7) 10 7 34.6 0.085 2174 0.011
TS10S2(14) 14 37.1 0.039 2180  0.007
TS10S2(28) 28 44.2 0.088 2184 0.007
TS10S2(56) 56 49.4 0.069 2183 0.014
TS15S2(1) 1 34.3 0.094 2227 0.004
TS15S2(3) 3 40.9 0.009 2216 0.007
TS15S2(7) 15 7 35.5 0.025 2214 0.005
TS15S2(14) 14 41.5 0.068 2178 0.007
TS1552(28) 28 47.9 0.057 2199  0.007
TS15S2(56) 56 50.7 0.052 2185 0.009

Silica fume content is by mass percent of the binder
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Table4-8: Test results for sar8 mortars(w/b = 0.20)

Average

Silica Age  compressive Average
Mix ID fume -9 P COV density, 5 COV
(%) (days) strength, (kg/m?®)
fou (MPQ)
TS5S3(1) 1 22.7 0.044 2223 0.011
TS5S3(3) 3 27.4 0.008 2181 0.007
TS5S3(7) 5 7 30.2 0.054 2161 0.007
TS5S3(14) 14 29.7 0.042 2151 0.008
TS5S3(28) 28 38.4 0.006 2147 0.011
TS5S3(56) 56 40.3 0.090 2157 0.005
TS10S3(1) 1 26.8 0.056 2229 0.009
TS10S3(3) 3 31.3 0.087 2209 0.011
TS10S3(7) 10 7 35.1 0.053 2207 0.008
TS10S3(14) 14 38.0 0.074 2196 0.011
TS10S3(28) 28 43.1 0.041 2225 0.012
TS10S3(56) 56 46.5 0.047 2190 0.013
TS15S3(1) 1 29.6 0.037 2234 0.008
TS15S3(3) 3 35.7 0.038 2220 0.007
TS15S3(7) 15 7 39.8 0.034 2214 0.011
TS15S3(14) 14 41.1 0.038 2162 0.009
TS15S3(28) 28 46.8 0.029 2207 0.008
TS15S3(56) 56 52.4 0.053 2178 0.008

Silica fume content is by mass percent of the binder

It can be seen in Fig-#0 thatwhen 5% SF by mass of binder was added
to the binder (i.e. mix TS5), the strength of the cubes increased significantly from
20.1 MPa to 44.8 MPa at the age of 3 days compared to the control mix without
SF (i.e. mix T). When sand was included, however sthengths of mixes at the
same age dropped to 30.4, 27.4 and 25.7 MPa for sand 1, sand 3 and sand 2,
respectively (TS5S1, TS5S2, TS5S3). It is also noticeable that at the age of one
day, all cubes using sand had higher strengths than the specimens sattut
Past the age of 3 days, the strength development trends of all mixes are similar in
which the rate of strength gain gradually decreased after 7 days and strength gain
was very small after 28 days. Note that test results for mixes using sand type 1

were not available after 28 days.

Trial mixes were also prepared using 10% and 15% SF by mass of binder
as shown in Fig. 41 and Fig. 412. The strength development trends for these
mixes were similar to the 5% SF mixes in Figl@ By comparing Fig. 40

through Fig. 412, it is observed that the sand type had more influence on the
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strengths of sand mortars containing 5% SF than the strengths of sand mortars
containing 10 or 15% SF.
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Figure 4-10: Compressive strengtlof sand mortars with 5%ibca fume
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Figure 4-11: Compressive strengtbf sand mortars with 10%ikca fume
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Figure 4-12. Compressive strerig of sand mortars with 15%ilica fume

The influence of different SF contents on the compressive strength of sand
mortars using MPPC binders was plotted in Fig.34to Fig. 415. The figures
show that the compressive strengths of the samples incredssd S¥ content
increased. The strength development trends of-8amdrtars in Fig. 45 have
less fluctuation than safid and sar® mortars in Fig. 43 and Fig. 414,
respectively. This is explained by the different particle size grading curves for the
three sands (see Fig.13 section 3.1.5) which affect the uniformity of the samples

in the same batch and so affect the strengths of the samples.
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Figure 4-15: Effect of SF content on san® mortars

In terms of workability, the addition of SF visiblydreased the viscosity
and decreased the setting time of the fresh mixtures. For sand mortars using 15%
SF, for example, the fresh mixtures started to set right after the mixing finished
and so there was only about 5 minutes to complete the casting befquastes
hardened.

Since Section 4.2.1.3 showed that different SF contents had little influence
on the density of MPPC binders containing SF, in this section the comparison was
only made for densities of mixes using different sand types. Fi§. ghowsthe
average densities of mixes using sand 1, sand 2 or sand 3. Each value ih@-ig. 4
was obtained by averaging the densities of mixes containing 5, 10 and 15% SF for
each sand type. It is observed that the densities reduced as the age increased for
all sand types used. Fig- also shows that mixes with sand 3 had higher
density than mixes with sand 1 sand 2. This can be explained by different sand
size gradations for the three sand types (see Figsaction 3.1.5). The densities
at 56day age fosand2 and san& mortars were 2067 and 2096 kg/fRor sane
1 mortars, the density was 2060 kgan28day age.
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Figure 4-16: Average @nsiiesof sand mortars containing silica fume

4.2.1.5 Effect ofbaking sodaon compressive strength €dnd mortars

The nfluenceon strength of sand mortaly the addition ofbaking soda
was studiedthroughtrial mixesnamed TB&. At first, these mixesised sand!
with a binderto-sand massratio (b/s) of 1:0.5 As stown in Fig. 417, the
compressive strength of sand mortars reduced when more baking soda was added
in the mix.When 26 baking sod#y thetotal mass ofdry ingredientsvas added,
the samples had the lowest compressive stren§th k1Pa) which was only 55%
of the corresponding strength at 1%king soda (34.81Pa). Thisis explained by
the increase in the amount sxhall voids in thesampleswvhen baking soda was
addeddue to offgassing in the reaction between the baking soda andthiee
binder componenisTalde 4-9 shows thaadding more baking soda resultedain
decrease in the densitypm these voids
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Table4-9: Average ompressive strength and densitysahd mortars containing
baking soda from cube tsst 3 daygw/b = 0.2Q b/s = 1.0.5

Baking co?r:/s::g]seive Average
Mix ID soda COV density, s COV
%) strength, ., (kg/m?)
(MPa)
TBa01S45(3)(0.20 0.1 38.8 0.062 2146 0.012
TBa03S45(3)(0.200 0.3 38.5 0.050 2142 0.010
TBa05S45(3)(0.200 0.5 34.7 0.042 2073 0.013
TBalS45(3)(0.20) 1.0 34.3 0.051 2107 0.008
TBa2S45(3)(0.20) 2.0 19.1 0.042 1934 0.024

Baking sodaconent is by mass percent of ttigy mix
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Figure 4-17: Compressive strengtias. baking soda content
(at 3 dayssand 9

Further trial mixes used laaking sodadosage at 1% dahe total mass of

dry mix. Test esults are summarized in Tabld@ and Table41.



Table4-10: Test results of sand mortars at 3 daygw/b = 0.20)

Average
. b/smass compressive Average
Mix ID : COV  density, s COV
ratio strength, f, (kg/m?)
(MPa)
TBalS45(3)(0.20, 1:0.5 34.3 0.051 2107 0.008
TBalS46(3)(0.20) 1:0.6 32.6 0.129 2062 0.039
TBalS47(3)(0.20, 1:0.7 26.7 0.104 2042 0.012
TBalS48(3)(0.20, 1:0.8 28.4 0.071 2125 0.022

Table4-11: Test results of sar8 mortarsat 7 days(b/s = 1:1)

Average Average
Mix ID w/b mass compressive covV density, cov
ratio strength, ., 7
(MPa) (kg/m?)
TBalS31(7)(0.20; 0.20 29.8 0.083 2226 0.015
TBalS31(7)(0.22, 0.22 28.0 0.037 2225 0.010
TBalS31(7(0.24) 0.24 26.9 0.094 2216 0.003
TBalS31(7)(0.26; 0.26 27.6 0.078 2192 0.005

Fig. 418 comparesthe compressivestrengths of cubes using different

sand contentdn general, the cube compressive strength reduced slightly when

more sand was adde¢d the mix.When theb/sratio changed from 1:0.5 to 1:0.6
(i.e. sandwasincreased by 10% dhe total mass of binderthe compressive
strength of the cubes decreased by ¥%ere is an outlr point atb/s = 1:07.
Betweenb/s = 1:0.6 andb/s = 1:0.8(sandcontent increased by 20 of the total
mass of binder)the strength of the cubes reduced by 13fén{ 32.6to 28.4

MPa). Ignoring the value ab/s= 1:0.7, the strength of sand mortars reduced by

approximatelyb to 6.5% when 10% more sand was added tonike
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Figure 4-18 Compressive strengtis. b/s ratio
(at 3 dayssand 4,w/b = 0.2 1% baking soda
In addition tosand 4 used in the above mixasxes with sand 3 weralso

studied In thesemixes,sard 3 was included with thés/sratio of 1:1 and thew/b
ratio was variedThe results are summarized in Tabl@¥and plotted irFig. 4
19. Figure 419 showsthat the highest cubstrength(29.8 MPa) was achieved
when thew/b ratio was0.20. Although theras a deviated point av/b = 0.26, in
general, dding more water to the mix resedtin a redudion in strengthas was

also described irection 4.2.1.2

During the specimepreparationgasbubbles caused e baking soda
reacting with other componts improved the fbwability and so the workability
of the fresh mixtureHowever,it was qualitatively observed théaking soda
could make the fresh mixture swell after mixing and then shrink after sétong
example, formixes containing 1% or 2% balg soda, e heights of the cubes

measured &-day agenvere 2mmto 5mm shorterthan thewalls of themold.
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(at 7 dayssand 3,1% baking soda)

4.2.2 MPPC wood composites
4.2.2.1 Effect of w/b ratio ocompressive strengtif MPPC wood composites

The relationship betweethe w/b massratio and compressive strength of
MPPC wood compositesvas examinedin this study Trial mixes named TSa
were preparedvith MgO:MKP:FA mass ratioof 1:3:4 and binderto-sawdust
masgratio (b/sd) of 1:0.2 Since the water absorption of sdwst is very highw/b
mass ratios from 0.32 to 0.50 were used for these mitessew/b mass ratios
were much highethan the w/b mass ratiosor the mixes without sawdust in
Section 4.2.1 which wei@16 to 0.28.Test results are summarized in Tabl#2
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Table4-12: Test result of MPPC wood compositet 3day age

w/b mass Average Average
Mix ID atio compressive COV density, # COV
strength, f., (MPa) (kg/m?®)
TSa5(3)(0.32) 0.32 5.8 0.062 1431 0.004
TSa5(3)(0.36) 0.36 6.4 0.056 1468 0.015
TSa5(3)(0.40) 0.40 6.4 0.047 1481 0.012
TSa5(3)(0.46) 0.46 3.4 0.058 1393 0.020
TSa5(3)(0.50) 0.50 3.2 0.082 1504 0.008

Figure 420 shows the3-day cubecompressive strength 8iPPC wood
compositesn which the highest streng(lé.4 MPa) was achieved aw/b = 0.36.
In general, the strength of the cubes reduced whew/b ratio increasedaswas
describedn sections 4.2.1.2 and 4.2.14t w/b = 0.32,however, the compressive
strength(5.8 MPa) was lower than thatat w/b = 0.36 (6.4MPa). This can be
explained by the reduction of wateontentin the mix which reduced the
workability to a point where thaniformity of the freshmixture was poorWhen
thew/b ratio was lower than 0.36, the fresh mixture was very dry and difficult to
mix and cast. Thav/b ratio of 0.36 was chosen for further mixes containing
sawdust as it had reasonable workability and the highest strength among the trial

mixes examined.

The densities of these mixeseasured at-8ay ageare shown in Tablé-
12 in which the density of the mix usimgb = 0.36 was 1468&g/n’.
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Figure 4-20: 3-daycubecompressive strength &IPPC wood composites

4.2.2.2 Effect offly ashon the compressive strength

Different FA contents affect the compressive strengthMi#PC wood
compositesThis was examinethhroughtrial mixesnamed TSa$singb/sdtmass
ratio of 1:0.20and sand 4 withb/s massratio of 1:0.5. Among the FA dosages
studied, kg. 4-21 shows that the highest-day strength was obtained for mixes
with the MgO:MKP:FAmassratio of 1:3:1 wherethe FA dosage wa20% of the
total mass of thebinderincluding FA The strength of the cubes reduced when
more FA was included in the mix. With MgO:MKP:FAatio=1:3:2.67 (40% FA
by weight of the binder), the lowest strendttil.7 MPa) was obtained. This
contrast with the strength of MPPC bindevgthout sawdustvhich could reach
the highest value a¥igO:MKP:FA ratio of about 1:3:4 (50% FAJsee Section
3.3). The ratio of MgO:MKP:FA = 1:3:1 was selected for later mixes containing

sawdust.
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Figure 4-21: 7-day @mpressive strengtbf MPPC wood composites

using sand 4

The measured densities for mixes in this series are shown in FaBldt4

can be observed that the increase in the FA comletrteased the compressive

strength and the density of these mixes.

Table4-13: Test results of MPPC wood compositasq daysw/b = 0.36)

Averagg Average
Mix ID MQO:MKP:FA — compressive .\, yonsity, 5 cov
mass ratio Strength, (kg/ms)
fo (MPa)
TSa2S4(7)(0.36,  1.3:1.00 176 0091 1691 0015
TSa3S4(7)(0.36.  1:3:1.71 123 0123 1624  0.004
TSadS4(7)(0.36.  1:3:2.67 117 0078 1586  0.021

4.2.2.3 Effect of baking soda on the compressive strength

In addition to sand 4, mixas section 4.2.2 werealso studiedisingsand

3 with b/smass ratio of 1:0.9n this gudy, different baking soda contents tntal

mass of thedry mix were examinedFigure 422 shows that, a7 and 28 days
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after casting,le cubescontaining3% baking sodachievedhe highest strengths

which were7.1 MPa andl1.0MPa, respectively

For the period from 7 days to 28 dayswever,the highest strength
increasewas achievedwith mixesthat used2% baking soddstrengthincreased
from 4.9to 8.1 MPa, apprximately 63%. For mixes with3% and 1%baking
soda, the strength increases we4é6 (from 7.1to 11.0MPa)and 39%(from 4.7
to 6.5MPa) for the same time perigdespectivelyln general, the compressive
strength of MPPC wood composites increased when the bakirsy sodent
increased. This contrasts with the result obtained in Section 4.2.1.5 thieere
strength oimixes containing baking soda but without sawdadticedvhen more

baking soda was added.

12.0
b/sdt=1:0.2 28 days 11.0
100 | bls =105 \ "

' wlb =0.36 y
8.0

Ave. compressive strength, (MPa)

6.0 ]

4.0 4.7 4.9 7 days

20 —4—TSa2BaS3(7)(0.36)
—m—TSa2BaS3(28)(0.36)

0.0

1% 2% 3%

Bakingsoda content (by total mass of the dry mix)

Figure 4-22: Effect of baking soda content on compressive strength

In terms of workability, the fresh mixtures could not flow but they were
still workableand could be consolidated in the molds by tamgmgontrast with
mixescontaining baking soda butithout sawdust described in section 4.2.1.5, no
gas bubble were readilyobservedduring the mixing and the fresh mixture did
not swell after castingfor these mixesAfter setting, thespecimenswith 3%
baking soda exhibitedomeshrinkage(measured al-2 mm for 50x50x50 mm
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cube3. For cubesmade with mixes containing? or 2% baking soda, there was

no visible shrinkage.

The measumkdensitesfor mixesin this serieareshown in Take 4-14. It
can be observed that the increase in baking soda content incrédase
compressive strength and the density for these mixes.

Table4-14: Test results of MPPC wood compositisgng baking soda

Baking Age coﬁlsrrsgs?ve Average
Mix ID soda COV density, # cov

(%) (days) strength, (kg/m?)

few (MPQ)

TSa2BalS3(7)(0.36) 1 7 4.7 0.015 1494 0.014
TSa2Ba2S3(7)(0.36) 2 7 4.9 0.035 1543 0.011
TSa2Ba3S3(7)(0.36) 3 7 7.1 0.037 1662 0.020
TSa2BalS3(28)(0.36) 1 28 6.5 0.102 1479 0.026
TSa2Ba2S3(28)(0.36) 2 28 8.1 0.021 1540 0.012
TSa2Ba3S3(28)(0.36) 3 28 11.0 0.129 1621 0.022

4.3 Potential mixtures for further research

Trial mixes were developed for MPPC concretes/wood composites in this

chapter.Evaluation of the trial mixes mainly focused on the cube compressive

strenghs andquaitative workability Based on the results obtained from these
trial mixes six mixtureswereselectedo conductfurther studies on the hardened
and fresh propertiesSelectedmixes exhibited good characteristics in terms of
compressivestrength and wdability for tamgeted construction applicatianghe

mixesaresummarized in Table-45 and briefly describedsdollows

1 Mixtures S5 and S10 MPPC bindes with MgO:MKP:FA mass ratio of
1:3:4; w/b mass ratio of 0.20and SF was usedat 5% for mixture S5 or
10% for mixture S10by mass othe binder. These mixes exhibited high
compressive strengths and Sections 4.2.1.3 showedtlibastrength

increaseappeared to be negligible if more than 10% SF is added to the

mix.
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1 Mixtures SS5 and SS1®and mortars pduced by adding sand 3 wiliis
mass ratio of 1:1 to mixtuseS5and S1Q The addition of sand can help

reduce the cost of the product and could allow direct comparison of

influence of sand on MPPC binders containing SF.

1 Mixture Sa MPPCwood compositesvith MgO:MKP:FA mass ratio of
1:3:1; w/b massratio of 0.36;and sawdust was used with the binter

sawdust ratigqb/sd) of 1:0.2 This mixture exhibited high compressive

strength and suitable workability.

1 Mixture SaB mixture Sawas used again with a@nclusion of 2% baking
soda by totaimassof the mix. This mixture could allow direct study of
influence of baking soda on MPPC wood composites. It exhibiigll h

strength but no significashrinkage.

Table 4-15: Mix compositions of MPPC concrete®od compositefor further

studies
. MgO:MKP:FA Sand  b/s  bisdt SF CoKing

Mix ID . . : soda .

ratio type ratio ratio (%) ratio
(%)

S5 1:3:4 - - - 5 - 0.20

S10 1:3:4 - - - 10 - 0.20

SS5 1:3:4 3 1:1.0 - 5 - 0.20

SS10 1:3:4 3 1:1.0 - 10 - 0.20

Sa 1:3:1 3 1.05 1:.0.2 - - 0.36

SaB 1:3:1 3 1:05 1.0.2 - 2 0.36
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Chapter 5 MAGNESIUM POTASSIUM PHOSPHATE
CERAMIC CONCRETESAND WOOD
COMPOSITES

51 Introduction

This chapter reports the resuttsan expandethboratoryprogram forthe
six MPPC concretéde/ood compositamixes indicatedin Section 4.3 The mix
compositionsareshown in Table 8. Flow and setting time properties well as
compression and flexural propertiefsthese mixesvere evaluated. A summary of
the analyzed data ffeeach charactetis is reported in this chapter and detailed
test results are reported in Appendix B.

Table5-1: Mix compositions of MPPC concretes/wood composites

. MgO:MKP:FA Sand  bls  bisdt SF °oKing

Mix ID . . : soda .

ratio type ratio ratio (%) ratio
(%)

S5 1:3:4 - - - 5 - 0.20

S10 1:3:4 - - - 10 - 0.20

SS5 1:3:4 3 1:1.0 - 5 - 0.20

SS10 1:3:4 3 1:1.0 - 10 - 0.20

Sa 1:3:1 3 1.05 1:.0.2 - - 0.36

SaB 1:3:1 3 1:05 1:.0.2 - 2 0.36

5.2  Fresh properties of MPPCconcretegwood composites
5.2.1 Flow property

Experimental results of the flow test are shown in Bid. for MPPC
concretes. It is observed thaixture S5, which used only 5% SF, exhibithe
highest flow (135%)Meanwhile, the flow of mixture S10, which us&0% SF,
decreased significantly to 73%. This resollicatesthat the addition o& higher

SFmass ratian the mix increased the viscosity and reduced the flow.
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For sand mortars, mixture SSé&xhibited lower flow (128%)when
compared with mixture&s5 which had the same SF content llid not contain
sand Whenthe SF content increased to 10%ixture SS10 showed a decrease in
flow (97%) aswas described above for mixes without saddwever, omparing
mixes S10 and SS10, it is observed that the inclusicgand increased the flow
of mixes with 10% SKFrom 73% (S10) to 97% (SS10).

In summary, the flow as well as the workability of MPPC binders
containing SFdecreased when the SF content increaddds trend was also
observed with sand mortarontaining SF. In addition, the inclusion of sand
increased the flow of mixesith 10% SF but decreased the flow of mixes with
5% SF.

Since the fresh mixtures of MPPC wood composites do not flow, flow

table test could notbe applied for mixes Sa and SaB.
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S5 S10 SS5 SS10
Mix ID

Figure 5-1: Flow test result of MPPC concretes

5.2.2 Setting tine property

Tests were completed to determine the setting siné MPPC
concretes/wood compositeSix mixtures in Table B were prepared with Delvo

Stablizer admixture at a dosage of 2% by mass of the binder. Figide 5
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compares the initial and final setting time of thes&es. It is observed that SF
reduced the initial setting time for MPPC bindemtaining SFWhenthe SF
content increased from 5% 1@% by mass of the binder, theitial setting time
reduced fromL05 minutes (S50 85 minutes (S10)or sand mortarsontaining
SF, howeveranincrease in SF contefitom 5% to 10% by mass of the binder

resulted inanincrea® inthe initial settingime from 65to 80 minutes as can be

observedor mixes SS5 and SS10.

For MPPC wood compositethie initial setting times were 90 minutasd
45 minutes for mixes Sa and SaB, respectivElys indicates that the addition of

2% baking soda by total masstbhe mix significantly reduced the initial setting

time for MPPC wood composites.

The differences between the initial and final setting times @@minutes
for mix Sa and 280 minutes for the other mixe$he initial and final setting

times for all mixe can be found in TableX

In a prior study, Tassew and Lubell (201i8dicated thathe difference

between the initial and final setting times of MPPCs was very short if Borax or

Lignosulphonate was used as a retarleappears that Delvo Stabilizeray be a

better retardefor MPPC concretes/wood compositethe application requirean

extendedinishing time.

Table5-2: Setting time of MPC concretes/wood composites

Mix

Setting time (minutes)

Initial Final
S5 105 135
S10 85 105
SS5 65 85
SS10 80 100
Sa 90 150
SaB 45 75
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Figure 5-2: Setting time of MPPC concretégood composites

(w/b = 0.20 for S5, S10, SS5 and SS10; w/b = 0.36 for Sa and SaB)

5.3 Hardened properties of MPPC concretegwood composites

This section describes the measured and analyzed test data to determine
the properties of hardened MPPC concretes/wood composite®ensity,
compressionpropertiesand flexure properties were evaluat®ecause of the
limited availability of thelaboratory test equipmenall specimens were tested at
the age of 90 days after castig. this age, the properties of MPPC concretes
should have stabilized sinc8ection 4.2.1.1 showed thabntinued strength
development ofMPPC concretesvas insignificant athe age of56 days. A

summary of the test result of each characteristic is reported in this chapter.

5.3.1 Density

The densies of hardened MPPC concretes/wood composites were
determinedby testing cubesat D days after casting. These specimens were
demolded at one day after casting and tbared at the ambient lab temperature
(23+2°C) and relative humidity (566%) until testing.Figure 53 compares the
densitiesof the six mixtures consideredThe coefficiat of variation for the
densities of these mixes can be found in TabB I can be observed that sand
mortars containing SF (mixes SS5 and SS10)thadhighest densitiesat 2150
and 2173kg/m®, respectivelyMixes S5 and S10, containiranly MPPC biner
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and SF, hadelatively lowerdensities(1751and 7763 kg/m’, respectively) when
compared withthe sand mortarsThis occurred becausthe sand density was

higher than the binder density.

Among the six mixtures, the MPPC wood composites (Sa and SaB)
exhibited the lowestdensities at 1315 and 143&g/m®, respectively This can be
explained by the presence of sawdudtich waslow density material when
compared with sand and MPPC binders. Another reason ishthestPPC wood
composites haav/b ratios of 0.36 which werehigher than that of the other four
mixtures (/b = 0.20).Tassew and Lubell (2012) also reported that the density of

MPPC decreased when tiwb ratio increased.

Figure 53 also indicates that theeight percentof SF had negligible
influence on the densities of MPPC bindecsntainingSF (S5 and S10) and sand
mortars containing SF (SS5 and SSMganwhile, 2% baking soda by total mass
of the mix slightly increased th#ensityfor MPPC wood composites from 1315
kg/m® (Sa) to 143&g/m® (SaB) This was unexpected because the baking soda
was assumed to increase the voids in the structure which could result in a lighter
material. However, improved mixing due to lubricating effect may have resulted

in animproved mix consolidation.

Table5-3: Coefficient of variatiorfor densities
of MPPC concretes/wood composites

Coefficient of

Mix L
variation
S5 0.001
S10 0.001
SS5 0.006
SS10 0.008
Sa 0.029
SaB 0.006
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Figure 5-3: Density of MPPC concretes/wood composigg90-day age
(w/b = 0.20 for S5, S10, SS5 and SS10; w/b = 0.36 for Sa and SaB)

5.3.2 Compressin properties

The properties includingompressive strength, modulus of elasticity and
stressstrain elationship were determineal this section

5.3.2.1 Compressive strengthf cube and cylindrical specimens

Tests were conducted with0x50x50 mm cube specimensThe cube
compressive strengtfi.,) was determinedrom the maximum load indicated by
the testing mehine as was described in section, £l2apter 4The description for
the permissible range of variation between the specimens was also described in
section 4.2.In this sectionthe cube compressive strengths for all mixesre

within the permissible ramgof variation for three specimens which is 8.7%.

Detailed values of., for each individual specimen, the average and the
coefficient of variatiorfor each mix serieare shownn Appendix B

Table 54 shows the average cube compressive strength acdeffecient
of variation for each mixture. It can be observed that the coefficient of variation
for mixes SS5, SS10 and Sa are higher than other mixes.
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Table 5-4: Average abe and cylinder compressive strergytbf MPPC

concretes/wood compositas90-day age

Mix fu(MPa) cov [MPa) cov IV, Bk

S5 34.0 0.048 31.4 0.039 0.92 1.06
S10 33.9 0.006 32.6 0.049 0.96 1.10
SS5 41.1 0.089 31.5 0.038 0.76 0.88
SS10 46.8 0.095 33.2 0.051 0.71 0.82
Sa 7.0 0.089 13.3 0.083 1.90 2.18
SaB 14.5 0.043 12.7 0.047 0.88 1.01

*cube compressive strengthgultiplied by the factor of 0.87

Figure 54 shows theaveragecube compressive strengtlier the six
mixtures consideredt is observed that mixeSS5 andSS10 had the highest
strengthsat41.1 and46.8 MPa, respectivelyThe increase in SF content from 5%
to 10%by massincreasedhe strength osand mortars containing SF but it had
negligible influence on the strength of MPPC binders containing SF.

For MPPC wood composites, the strengths of mixeardlaSaB weréow
compared with the other four mixeehe addition of 2% baking soda by mass of
the total mix significantly increased the strength tiese mixedfrom 7.0 MPa
(Sa) to 14.5viPa (SaB).
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Figure 5-4: Cube and cylinder compressive strength

of MPPC concretes/wood composit@s90-day age

(w/b =0.20 for S5, S10, SS5 and SS10; w/b = 0.36 for Sa and SaB)

Cylinders with the dimension of 100 x 28@m (diameter x &ight) were

also examined to determén the compressive strengtlior the six mixtures

consideredThe maximumcompressive strengtl@ for each cylindewas found

by:

where "Q

N — (5-1)

: maximumcompressive strength (MPa)
: maximum load (N)

. crosssectional area of cylinder; calculated based on
averaging twomeasurement®f diametertaken at right
angles to each other at rifiight of the cylindemn)

Detailed values of'Q for each individual specimen as well as the

coefficientof variationfor each sries can be found in Appendix B
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According to ASTM C39/C39ML2, the variation between specimens of
the same batch produced under laboratory condisbosild not exceed 10.67%
of the average when three cylinders were tested atathe sge and 9.0% when
two cylinders were tested at the same aQaly the cylinder compressive
strengths for mixes S5, Sa and Sa@&ewithin the permissible range of variation
for three specimendhus the cylinder compressive strengths for these mixes a
the average strengths of three specimens in the same Mwixnwhile, the
cylinder compressive strengths for mixes S10, SS5 and SS10 are the average

strengths of two specimens in the same mix.

The averagecylinder compressive strengihfor the six mixtures are
plotted in Fig. 54. There was a negligible difference between the compressive
strengths osand mortars containing Sfhd MPPC binders containing Skhis
contrass with the cubecompressive strengilwheresand mortars containing SF

hadsignificantly lower strength than MPPC bindarsntainingSF (see Fig. %4).

Figure 54 alsoshowsthat for MPPC binders containing SEn increase
of SF by mass of the bindéom 5% to 10%slightly increasedhe strength from
31.4 MPa (S5) to32.6 MPa (S10).This trend was similar fosand mortar
containing SF where the strength increased from 31.5 (SS5) tMB&ZSS10).

Mixes Sa and SaB, which contathsawdust, showesignificantly lower
cylinder compressivestrengtls than the other four mixes without saust. The
addition of baking soda slightly decreased the strength from 13.3 (Sa) to 12.7
MPa (SaB).This is also in contst with the cube compressive strengtbsthese
mixes which increasedignificantly when baking soda was added shown in
Fig. 54.

Typical failures of cylinder specimenat the age of 90 days after casting
are shown in Fig. B to Fig. 57 for the six mixtures consideredFigure 55 and
5-6 indicate that the failures were due to shear fracture with the failure plane
starting from oneend and almost intersectinthe other end of the specimen

Figure 57 shows another type ahearfracturewherethe crackdeveloped from
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one side to the other sidd approximatelymid-height of the specimermhese
broken cylindersusing MPPC concretesdwd compositesddid not exhibit the
typical conical fractureype of cylindersusing conventionatoncretemade with
Portland cement and rock aggregai@STM International 2003).According to
Neville (2012), the typical cone fracture occurs due to thaidn between the
platens of the testing machine arn tcylinder ends which restraitise lateral
expansion of the cylinder when it is loaded verticalljus, he concrete near the
platensis confinedand this results in twoconeshape zones (Neville, 20Q).
These conashape zones are relatively undamagéten the cyliner is tested to
fracture(Neville, 2012).

Poor testing could be a possibility for the type of fractlrewn in Fig. 5
5 and 56. According toKosmatka et al(2002),whenthe test does naheet the
requirements for perpendicularityf the cylinder ends or vertical alignment
during, load applied to the cylinder may be concentrated on one side of the
specimen. This can cause a short shear fracture in which the failure plane
intersects the endf the cylinderas shown in Fig. % for cylinder of MPPC
binders containing SBnd Fig. 5-6 for cylinder of sand mortars containing .SF
This type of failure usually indicates the cylinder failed prematurely, yielding
results lower than the actual stremgf the concretddowever, the coefficiestof
variation for the cylinder strengths of these migleewn in Table &8 demonstrate
that insignificant differenceccurredbetween the strengths of each specimen.
This indicates that poor testing may not be main reason for the type of fracture

of these specimens.

The difference in type ofhearfracture of MPPC wood composites
compared to MPPC concretess believed to be caused by tldferent mix
compositionsand different types of compaction during thexing procedure.
Vibration was used for consolidating fresh MPPC concretes. Meanwhile, fresh
MPPC wood compositegaeeded to be compacted bgmping Thus, it was

difficult to achieve good consolidation for fresh MPPC wood composites.
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The fracture type d MPPC wood compositeshows that the failure
occurred atapproximatelymid-height of the specimemwhere the materials
subjected taalmostpure uniaxial vertical compressiofi.e. outside the conical
zones where the material is under multiaxial stresseg)the cylinder ends were
not damaged. This is quite similar to typical cone failure modeonfentional
concrete where theones are not damaged. Thus, the fracture mode of MPPC

wood composties can be considered as a good failure mode.

oy S5 Taame | 510

Figure 5-5: Typical failure of cylinder specimens ahixesS5 and S10

79



SS5 SS10

Figure 5-6: Typical failure of cylinder specimensfanixesSS5 and SS10

Sa SaB

Figure 5-7: Typical failure of cylinder specimens ohixesSa and SaB

For the same mixture, theompressive strength valuearied depending
on the types of specimn tested as shown in Fig.-4 The cylinder/cube

compressive strength ratios can be found in TabKe Bccording to BS





















































































































































































































































































































