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ABSTRACT

The ecological impact of the concrete industry can be reducedusyng waste materials

in the cementitious content, thereby decreasing the demand for virgin materials and
reducing carbon emissions. In this study, recycled gypsum powder was used téd a par
cement replacement, aiming to introduce a more sustainable and environmentally friendly
alternative to traditional concrete while maintaining adequate strength and durability. The
experimental research was divided into three main phases. Phasdédhitia fabrication

and compressive strength testing of eight different batches of 50 mm cement mortar cubes.
Phase Il included a total of fifteen different concrete mixes cast into 200 mm x 100 mm
cylindrical molds, prepared using2ZD% gypsum and 0, 25d 50% fly ash as partial
cementreplacement, and tested for compressive strength at 7, 28 and 9® aldigly
replacing cement withincreasing gypsum content decreasg strength, however
incorporating fly astwith gypsum as partial cemergplacemengreatly improved the
compressive strength at later ages. Increasing the gypsum content above 0% was beneficial
to the 90day strength of all concrete specimens with 50% fly ash. Phase Ill was designed
to test the durability of a selected concrete mix whProlgypsum and 50% fly ash in the
cementitious material. The compressive str
wet conditions (seawater and fresh water) was compared after exposure durations of 1000,
3000, and 5000 hours. Strength developmentuighout all durations indicated that
concrete was durable the testedconditions, with the largest strengtitreaseobserved

in specimens exposed to wet/dry cycles in seaw&esented research suggests that
incorporating recycled gypsum in concrig@chievable from a structural perspectiaed

including fly ash is essential.
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CHAPTER 1 INTRODUCTION

1.1 GENERAL

Environmental impacts of cement production and waste accumulation have inspired the
research of using industrial solid wastes as partial cement replacements in concrete. Fly
ash is commonly used as a supplementary cementing material for its ecological and
economic benefits, also demonstrating increased performaincencretewhen used
alongside gypsum (Puvvadi and Moghal 201igorporating powdered recycled gypsum

in concrete mixes reduces the carbon diogidéssions by reducing the amount of cement
required, providing a more sustainable solution while simultaneously helping to keep the
material out of landfills, where it is known to cause very harmful reactions with its organic
environment. Although gypsum is commonly used in cement in small perce(Besfes;

it is not currently considered as an acceptable supplementary cementing material in larger
guantities according to the ASTM 6Standard
high SQ content (Naik et al. 2010) (ASTM 2015). This study aim<hallenge the
standard by showing that acceptable compressive strength and durability can be obtained
in concrete with additional gypsum. The focus of this study was on the structural aspects
of incorporating recycled gypsum in concrete, including consprestrength results with

varying cementitious contents and after exposure to different durability conditions.

1.2 RESEARCH OBJECTIVES

The objectives of this research are:



T

1.3

To incorporate recycled gypsum as a partial cement replacatiegher proportions
than typically useth effort to produce a more sustainable and ecofriendly alternative
to traditional concrete.

To investigate theompressive behavior of a multitude of concrete mixes containing
varying combinations of gypsum, fly ash and cement as thertd&ious material
aiming to determine a mix desigmat maintairs adequate compressive strength

To examine the durability parameters whenoncrete issubject to certain

environmental conditions.

THESIS STRUCTURE

This is a papebased thesis that contains the followsigchapters:

T
)l

Chapter 1 gives a general introductiorthe research.

Chapter 2 provides a literature review investigatiguse ofypsumin general and

its application in cement, includingith fly ash as a supplementary cementing
material and the chemical interactions involvedEnvironmental and waste
management concerns are also discuakedywith other relevant research.

Chapter 3 presents Phase | of the research, including the applicatjppsam in
cement mortar cubes, which was accepted as a CSCE conference paper.

Chapter 4 presents Phase Il of the research, which is focused on testing cylindrical
concrete specimens with numerous different mix designs for compressive strength.
Chapter 5 pesents Phase Il of the research, comprising of testingametemix
design for durability under various environmental conditions

Chapter 6 concludeand summarizethe research, providing recommendations for

future research.
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CHAPTER 2 LITERATURE REVIEW

Concrete is arguablyhé most important building material in the world, although it is
known to have m enormougnvironmentalmpact(Meyer 2009). Since popularity of the
concrete is unlikely to decrease, there is an evident demand to adapt it into a more
sustainable and environmentally friendly material. Reducing the cement requirement of
concrete would undoubtably reduce this envinental footprint, which is attainable with
appropriate use of supplementary cementing materials. The use of fly ash is well
established as a sustainable alternative in cement applications, and gypsum is known to be
used in cement in small percentages. Titesature review focuses on gypsum, including

its general use, gypsum waste management, and most importantly its valuaivighele
concrete industry with the potential to reduce harmful carbon emissions. Consideration was
given to chemical interactienand various relevant studies were reviewed in connection

with the use of gypsum as a supplementary cementing material.

2.1 CONCRETE

Concrete isthe most widely used engineerimgaterial in the world due to its many
attractive characteristics, such as iteayal availability, affordabilitymouldability, and
excellent mechanical properti@dehta and Monteiro 2014). However, typical concrete is
not considered as an environmentally friendly material, leaving an enormous impact on the
planet as billions of tanare produced worldwide every year (Meyer 2009). Concrete is
most commonly made by mixing Portland cement with water, coarse aggregate (crushed
rock/gravel) and fine aggregate (sand). High amounts of virgin materials need to be

extracted and processed fooncrete production, using substantial amounts of energy



(Helepciuc et al. 2017). Aggregates are typically sourced from local quarries, which
demand energy for extracting, grinding and transportation. Though, in comparison to other
materials required, Ptand cement in inherently the most unsustainable and
environmentally unfriendly as its production emits large amounts of carbon d{&@de
Based on concreteds raw materials, ther e
the environmental impacsiproduction. First, reducing the large amount of water currently
required, which especially burdensome in locations not fortunate enough to be in close
proximity to abundant fresh water sources. Second, reducing the need to quarry virgin
aggregate by subgiting for various recycled materials. Finally, reducing the cement
required by substituting with more sustainable cementitious materials. This is the prime
option, as it is well known that the production of cement is very energy intensive and a
major factor responsible for carbon emissions. Produoimgton of cement releases nearly
one ton of carbon dioxide into our atmosph@deyer 2009). Nguyen et al. (2018) studied
the life cycle assessment of ordinary Portland cement (OPC) along with five cement
aternatives with comparable performance. These alternatives included blending
geopolymers (fly ash, slag and metakadlased) with OPC, and results indicated that all
OPC alternatives reduced the greenhouse gas emissions (Nguyen et al. 2018). Recent
devebpments in the environmental sector have demanded more sustainable and carbon
conscious construction practices. Since concrete is the highest consumed building material
in the world, any small step in reducing its environmental footprint would have a

consderable global impact.

The water to cement ratio (W/C) has the most significant influence on the

permeability and therefore on the durability of concrete. Lower W/C decreases the porosity



of the cement paste, making the concrete more impermeable, generally producing stronger
andmore durable concrete (Islam and Islam 2004). The American Concrete Institute (ACI)
method for concrete mix design selects a W/C based on the desired compressive strength

(ACI 2000).

2.2 GYPSUM

Natural gypsum is mined in every continent of the world, ngakione of the most widely

used mineral$Olson 2001) Also known as calcium sulfate dihydrg@aSQ  2H20), it

is mainly formed as a chemically precipitated sedimentary rock and mined in its raw form.
A sample of gypsum in its natural (raw) form is wimoin Figure2-1, with a translucent
crystalline structure and light grey/white color (University of Waterloo 202ag of its

earliest known uses was on the interiors of the great pyramids of Egypt, datikdob

about 3000 B.C. (Sharpe and Cork 2006). Gypsum can also be generated synthetically as
a byproduct of industrial processes, typically from doad powerplants with flugas
desulphurization systems (Olson 2001). In 2003, synthetic gypsum mad&wpf2he

total gypsum manufactured for wallboard in the United States (Sharpe and Cork 2006).



Figure2-1  Natural gypsum (by the University of Waterloo 2020)
Different types of gypsum imerals can containvarying amounts of dihydrate
(CasQ 1 2H20), hemihydrate €aSQ 1 - H20), and anhydrite @aSQ), depending on

varying conditions of heat, pressure and water presafitseenvironment (Chandara et al.
2009). These minerals can convert one form of calcium sulfate to anothercahmicur
simultaneously with other forms in some gypsum deposits. AnhyCiésQ) is the
anhydrous form of gypsum with no attached wateremdes, which may exist as the
primary depositional mineral or the product of deeply buried gypsum that has been
dehydratedAnhydrite is denser than gypsum and contains higher levels of soluble salts
that cause impurities and fractures in gypsum depdsitsiedin massive rocks or as a
mixture of gypsum and anhydrite when partially hydrated. Gypsum, anhydrite or a
gypsumanhydriteblend may be used in the manufacturing process of Portland cement

(Sharpe and Cork 2006).



2.2.1 Gypsum Mining in Canada

Canada ishe third largest producer of gypsum worldwide, wHilke United States remains

the largest producer and consumer of gypsum in the wéHd majority of Canadian
produced gypsum is exported to the United States, who reqaivexamately97% of the

total gypsum exported from Canada (Government of Canada 2017). Much of this raw
gypsum issent by ship to states along the eastern seaboard, such a Massachusetts, New
Jersey, and New York. These three states combined receive more than 64% of the total
gypsum exprtedinto the United States from Canada (Government of Canada 2019).

Nova Scotia is Canadads | eading gypsum
gypsum quarry at Milford Station, about 50 kilometres outside of Halifax. The Milford
guarry has been inperation since 1954 and is expected to stay functional for at least
another 20 years (Mindat 2019). The open mine pit covers approximately 500 acres and is
conveniently | ocated near Canadian Nati ona!
7000 tors of crushed material every day. The trains are sent to a port in Dartmouth, where
ships are loaded and delivered to drywall processing plants in eastern United States
(Spurlock 2004). The guarry rests on gypsum bedrock, covered in sediments dating back
to over 200,000 years ago (Province of Nova Scotia 2014). Several glaciers passed over
the quarry, covering the #etre thick gypsum rock supply with soil layexsout18
metreshick. To mine the gypsum, this overburden soil is remotrehminers drill foles
in the gypsum rock andenerate a series of smalls explosiddentrolled blasts loosen
rock tolater be loaded onto trucks and taken for further crushing and sd&imgylock

2004). The total energy required to extract, process and deliver thgpaung material is



mostly accredited to the transportation to gypsum manufacturing sites (Recycling Council

of Ontario 2006).

2.2.2 Other Uses for Gypsum

The predominant use for gypsumdig/wall, commonly known asvallboardor gyprock

walls.In order for gypsuniCaSQ 1 2H.0) to be poured between two paper layers to create
wallboard, it must first be calcined to become hemihydrate gypsum @a3®00). The

hemihydrate gypsum is then ground into a powder, which is subsequently mixed with water
to produce a slurry (Olson 200T)his powdered hemihydrate is commonly referred to as
plaster of Paris and is formed after heating to C5(Chandara et al. 20 Gypsum is a

very versatile mineral with several other known markietstly, it is widely usd for its
agricultural benefits, including soil fertility and beneficial changes in soil structure
resulting in improved drainage and enhanced plant gr¢@dinstruction and Demolition
Recycling Association 2019) (Batte and Forster 20A8ditionally, gypum is used for
ancient and modern architectural/artistic uses, animal bedding, medical casts, drugs,
cosmetics, toothpaste and even as a food add@xa&ton and Beaudoin 201(Nlentzer

2018) (Gypsum Association 2019) (Sharpe and Cork 2006).

2.2.3 Gypsum Usein Portland Cement

In order for concrete to maintain an adequate level of workability during mixing and
placing, small amounts of gypsum are regularly used to control the initial hydration
reaction. The manufacture of Portland cement incorporates akft Galcium sulfates
compounds, such as gypsum, as a set retarder (Naik et al. 2010) (Chandara &) al. 200

(Sharpe and Cork 2006). Portland cement is hydraulic and therefor stable in water, setting



and hardening very quickly when hydrated. Gypsum on tier dand is noiydraulic, as

it does not harden in water and can be washed away (Chun et al. 2008).

2.2.3.1  Chemical Hydration of Concrete with Gypsum

The chemical name for gypsumadalcium sulfate dhydrate and its chemical formula is
CaSQ 1 2H0. Without using gypsum or another calcium sulfate source as a set regulator
in concrete, the Portland cement will set or harden too rapidly upon the addition of water
and become unworkable (Barbosa et al. 2018). This is due to the reaction between the
tricalcium aluminate 8CaO{ Al>0s or Cz3A) in cement and water, which immediately
forms crystalline hydrates and must be slowed down to be used in construction
applications. The calcium sulfate provided by gypsum has the capability to retard this
reaction (Quenoz and Scrivener 2012). Cement and gypsum powder are considered
anhydrous (without water), and the reacti ol
is predominantly exothermic, generating a large amount of heat upon mixing. Multiple
reactions oaar between water andifferentcompounds in the cement clinker at various
reaction rates, so there are multiple phases to the hydration pnetatesl to the existing
minerals FHve main types of minerals are normally present in cement in the anhydrous
state: tricalcium aluminate (6A), alite (GS), belite (GS), andcalcium aluminderrite

phase (GAF), as well as gypsum (Mehta and Monteiro 2014). The first phase ishe C
phase is the most reactive of the main cement minerals, and it occurs soornafigr m

The sulfate compounds of gypsum react with the calcium aluminate from cement to form
short prismatic crystals of ettringite, or calcium sulfoalumin&asAl »(SOy)3(OH)., 1

26H,0) in the early stages after mixing. Ettringite formation is necessagomcrete

hydration and is the mechanism that controls stiffening as it is dispersed within the cement
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paste at a microscopic level (Portland Cement Association 2001). The second stage is the
dormant period, where concrete transitions from workableffo tillowing the dormant
period, typically lasting -8 hours, reactions begin to occur with the glS), and belite
(C2S)in cement. Large crystals of calcium hydroxide (Caodhd small calcium silicate
hydrates start to fill the empty voigseviously occupied by dissolving cement particles
and water (Mehta and Monteiro 2014). This is the main hydration stage, where much of
the concrete strength is developed and the gradual reactigA o Continued. High early
strength is largely dependeon thealite, whereaselite hydratesslowerand contributes
to strength development past one week. The fd€i#&F) reaction phase also begins soon
after water is added but slows down during hydration and does not significantly contribute
to strength(Portland Cement Association 2001). Calcium silicate hydrat8-kK{ is the
main reaction product in concretermed continually when water reacts with calcium
silicates in both alite and belite phases.

Depending on the alumirta-sulfate ratio, the eftigite may become unstable and

convert to monosulfoaluminate hydrate, or monosulf@@Al ,0s(SOy) 1 14H,0). This

typically occurs when all the sulfates (gypsum) are consumed and the remaifsing C
continues to react with ettringite (Quennoz and Scrive@&p). The noticeable difference
between the chemical formulas of ettringite and monosulfate is the additional sulfgte (SO
contained in ettringite. Ettringite crystallizes as short prismatic needles, and monosulfate
crystallizes as hexagonal plates, takup less space and typically occurring in later stages
of hydration (Mehta and Monteiro 2014). Ettringite tends to hydrate first due to the initially
high sulfateo alumina ratio, which changes with the depletion of suifiaten the gypsum

and increasig concentration of aluminate ions from renewed hydratiorsAfad GAF.
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Monosulfate takes about®l days to form at 2& (Christenseet al.2004) and is a stable
compound unless it is exposed to sulfates, commonly from soils and water. Sulfate
exposue reforms monosulfate into ettringite, which is a very fast, expansive and damaging
reaction (Christenseet al.2004) (Wu and Naik 2002). Ettringite can be stabilized by the
use of sufficient amounts of gypsum, and replacement of some cement by flgsagh ai
reducing the amounts of free aluminate and calcium hydroxide (Naik et al. 2010) (Wu and
Naik 2002).However, it is reported that if excessive amounts of calcium sulfate (such as
gypsum) are present in cement, inordinate expansions can cwtng hydration The

cause for this expansion is attributed to excessive sulfoaluminate formation after hardening
that continus until the gypsum is depleted (Portland Cement Association 2001). For this

reason, research considering cement with high amounts of gypsum is infrequently studied.

2.2.3.2  Previous Research Using Gypsum in Portland Cement

Naik et al. (2010) presented research on concrete including fly ash and elevated gypsum
content closely relating the research presented in this thesisyasilioroughly reviewd.
In the study, eight concrete mixes were prepared with cement replacenastgdor fly
ash at 2660% and recycled gypsum powder at 7, 10 and 20% replacebyenass.
Control mixes were also prepared using only Portland cement in the cementitious material.
Sodium sulfate was used in select mixes to improve the early strengtimaete with
blended fly ash. The mixture proportions used\&jk et al. (2010jareshown inTable
2-1.

The performance of concrete mixes was assessed for conyaessiength
developmentand durability parameters includingulfate resistance and length change.

Compressive strength tests showleat e blend containing 20% fly ash and 10% gypsum
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hadthe most promising results of all midt developed similar stngth to control groups
at later ages (28 and 90 days), performing considerably better than the mix with only 10%
gypsum replacemernd no fly ashThis highlights the positive relationship established
between gypsum and fly ash in concrete strength deweldot.The researchepoved that
concrete with 40 MPa at 28 days could be successfully made by blending powder gypsum
(7-10%) and Class C fly ash (&5%) in the cementitious materi®dremature cracking
was observed before 7 days on specimens made2@®th cement, 60% fly ash, 20%
gypsum and 2% sodium sulfate due to excessive expansemgth change of specimens
was measured during immersion in saturated limewaiterthe results are showrFigure
2-2 (a) without sodium sulfate arieigure2-2 (b) with sodium sulfate.

In reference to figurest is apparent that mixtures with gypsum wallboard showed
higher expansiorin Figure2-2 (a), an excessivelarge expansion @.12% was observed
in specimens with 20% fly ash and 20% gypstitre mix containing 10% gypsum showed
a net shrinkage of 0.035%, which is approximately equal to that observeddontinel
mix (0.036%).In Figure2-2 (b), theconcrete mix with 50% fly asii0% gypsunand 1%
sodium sulfateshowed a rather large expansion (0.043%) during immensitbméwater,
although it shrunk almost the same amount during dryesylting in a net expansion of
only 0.006%.0ther concrete mixtures with fly ash, gypsum and sodium sulfate showed
similar length change to the control midaik et al. (2010) identifig this concrete mixture
to be used to minimize drying shrinkage in concrete, themdrgasing durability by
reducing drying shrinkage cracking. Significantly improved sulfate attack resistance was

reported for the blend of 40% cement, 50% fly ash and @@@sum, compared to the
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control mix. Slump reported was between 25 and 55 mm for all specimens, with slightly

reduced slump for mixes with gypsum (Naik et al. 2010).

Table2-1 Proportions of powdered matdgaised for concrete mixtures (by Naik et
al. 2010)

Mixture Designation C-2 | CN-2 |CFN-2|CFN-3| C-4 |CFNS-3|CFNS-4|CFNS-5
Laboratory mixture | p¢ 3 | New-7 | New-8 |New-9 | Ref-5 [New-14 New-15|New-16
designation
Cement (mass % of Cm)| 100 90 70 60 100 60 40 20
Fly Ash (mass % of Cm)| 0 0 20 20 0 33 50 60
New Gypsum-Wallboard
(mass % of Cm) 0 10 10 20 0 7 10 20
Sodium Sulfate (mass % 0 0 0 0 0 1 1 5
of Cm)

Cm: Cementitious materials (Cement + Fly Ash + Gypsum-Wallboard).
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Figure2-2 Length change concrete mixtures (a) without sodium subaie (b) with
sodium sulfatg¢by Naik et al2010)

Mohammed andsafiullah (2018)affirmed that optimum gypsum content is not
fixed and varies from one cement to another. In this studyeftaet of gypsum content
between 0% on the strength properties of Algerian Portland cement (CEMa$
investigatedThe resultsare displayed ifrigure2-3 for test ages of 2, 7 and 28 daybe
optimum gypsum content was determined to be 5.5%, achieving increased compressive

strength comparedtall other mixes. This content also produced low values of swelling
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and drying shrinkage, and minimal heat of hydration. It was recognized that in order to

achieve a normal mixing consistency, water demand is increased with the use of gypsum.
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Figure2-3  Effect of gypsum content on compressive strength (by Mohammed and
Safiullah2018

Controlled low strength materials (CLSMs) using discarded gypsum wallboard and fly
ash as supplementary cementing materialss investigated by Raghavendra and
Udayashankar (2015). Quarry dust was used @B aggregate, making up half of the
dry material by weight. The other half of the dry matesias made up of the cementitious
materials including cement (4%%), powdeed gypsum (551%), and fly ash (226%).
These mortar mixtures were cast I8 mm x 40 mncylindrical molds to be tested in
compression after air curing for 3, 7, 28 and 56 dalygsse were considerably low strength
specimens, exhibiting compressiveesigth values ranging from 0.36 to 3.49 MPa.
Materials used in CLSMs increased ttypical water demand, and many specimens
developed surface cracks at later ages. The highest compressive strengths were attained
after 28 days, with reduced strength obseératter 56 days. This type of CLSM may be
suitable in applications where concrete placement is not permanent-axchvation is
necessary (Raghavendra and Udayashankar 2015).
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Antunes et al. (2019) studied that feasibility of reusing gypsum waste inrjraorth
concluded that up to 30% of ground gypsum waste can be included in asrtar
aggregate substitut€he mix design for this researchl@al:3 (cement: sand), and gypsum
powder was substitutefr sandin proportions of 0, 10, 20, and 30% by volunide
researchrs consideredthe water absorption for each of the mix designs in terms of
consistency index, and determined thaé smooth gypsm particles increased the
workability of mortarwhen compared to sand particl®glayed curing was observed in
specimens containing 180% gypsum, which is explained by the increased free water
contentaround gypsum particle€ompressive and flexuratrengtts weretested at 14 and
28 daysand the results are shownHRigure2-4, with gypsum content along the horizontal
axis Figure2-4 (a) shows that the cement continued to hydrate between test days, with
larger compressivestrengthdevelopmentobserved in specimens with waste gypsum.
Figure2-4 (b) confirms thatlelayed curing occurs in samples with waste gypsutenage

strengthdevelopssignificantlybetween test daysith increasinggypsum content.
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Figure2-4 Effect of residue ratio on (a) compressive strengtid (b) tensile strength
(by Antunes et al. 2010 with modificationg
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2.3 FLy AsH

Fly ash is a byproduct of coal combustion imérmal power plants. Depending tre

origin of the power plant, the physical and chemical properties of fly ash can vary
substantially. Thevailability of fly ash has increased significantly since environmental
regulationswere put in place requiring ingdtrial power plants to filter fine particles that
were previously liberated into the atmosphere, causing negative environmental impacts
(Meyer 2009). These widespread clean air regulations have allowed the concrete industry
to profit from this industriaby-product for its advantages as a supplementary cementing
material. Unfortunately, large amounts of fly &l remain unused and are often disposed

of directly into landfills, causing environmental pollution and substantial land occupation

(Aprianti 201L7) (Vargas and Halog 2015).

2.3.1 Fly Ash as a Supplementary Cementing Material

The use supplementary cementing mate(i@SMs)is continually increasing due to the
benefits from an economic, environmental, and sustainability viewpoint. Of H&gg

fly ashis the most wetknown and widely used as a partial replacement for Portland
cement. It is generally less expensive than Portland cement, and hastlsbaitity to
enhance some mechanical properties of concrete when effectively utilized. However, it is
widely acknowledged that using fly ash can reduce the early striengbimcretgVargas

and Halog 2015) (Islam and Islam 2013) (Naik et al. 2Q@0) and Naik 2002)Adding

fly ash to a cement mix is likely to increase the workability and hasfoeed to have a
water reducing effect on mixtures, as well as slightly decreasing the unit weight while

keeping the air content near const@uvvadi and Moghal 2011) (Marlay 2011).
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Hardening of concrete with fly ash is mostlye toits pozzolanic reaction with
calcium hydroxide provided by the cement, although some fly ashes can exhibit
cementitious properties. This reaction tends to occur more slowly than typical concrete
hydration so more time for strength development is expected for mixes containing fly ash.
Typical Portland cement has adequate oxides and aluminates to react when hydrated,
however fly ash necessitates additioclaémicalactivators (such as gypsum) in order to
initiate hydration(Marlay 2011) Alumina is a principle component in fly ash, and its
activation is based on its ability to react with the sulfate ions from gypsum (Aimin and

Sarkar 1991)Hence hydration of fly ash is improved in the presence of gypsum.

2.3.1.1  Previous Research Using Fly Ash as a Supplementary Cementing
Material

Despite notoriously having low early strength, concreté fly ash as a supplementary
cementing material can be designed to exceed durability performance of conventional
concrete, whiéd meeting 2&lay strength requirements (Bentz and Ferraris 2@rQ%inski
and Carrasquillo (1995) reported thatconcretes blended with fly ash and additional
gypsum (45%), the cementitious material generafiitowscompressive strength that is
comparale or improved compared to control mixes through 365 dstgslay (2011)
studied high volume fly ash (HVFA) mortar cubes specimens, using gypsum replacement
at 4% due to the higher fly ash content. This proved to be an effective amount, integral in
promotng necessary chemical reactions and augmenting early strength.

The effect of lime and gypsum contents, curing period, and several cycles of
wetting and drying on the compressive strer@ftfly asheswas studied by Puvvadi and
Moghal (2011).Fly ash was mxed with varying lime contents {10% by weight) and

gypsum contents €2.5% by weight), noting that incorporating gypsum increases the
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strength of fly ashes at any lime contehis increased strength was not susceptible to
repeated alternating cycle$ wetting and drying, demonstrated by a mialnoss in
strength in the presence of gypsum.

A study by Wu and Naik (2002) blended censamith a combination of Class C
fly ash and clean coal ash,ing sodium sulfate anhydrite as a chemical activator.
Conaetes blended with 460% coal combustion products showed equivalent or higher
compressive strength at all ages. These blended cements also showed much higher
resistance to sulfate attacisdalkali silica reactions (Wu and Naik 2002).

Islam and Islam (@13) studied the durability and strength characteristics of
concrete made with a blended cement including Class F flfCashpressive strength was
monitored for 365 days, comparing mixesng fly ash at 0, 10, 20, 30, 40, 50, 60 and 70%
cement replacemerResearchersbserved lower early strength in all mixes with fly ash,
but after 56 days, the compressive strength in all specimens with up to 50% fly ash was
higher than the control mix with 0% fly ash. They also reported that the permeability of
concree decreases with the increase of fly ash content up to an optimum value (determined
to be 30%), and then starts to increase. Low permeability is desired as it controls the
infiltration of water and other chemicals that may affect the durability of condieterate
of corrosion of reinforcing steel is limited with low permeability concretes, as the rate of
oxygen diffusion is restricted (Islam and Islam 2013).

Cements blended with fly ash and bottom ash, known as geopolymer cgncrete
were experimentallystudied by Xie and Ozbakkaloglu (2015) to determine the fresh
concrete properties and mechanical properties. A +oottipound alkaline activatavas

usedcontaining water, sodium hydroxide solutiand sodium silicate solution. It was

19



reported that mixewith higher fly askto-bottom ash ratios exhibited higher strength and
durability characteristics, as well as increased workability of fresh concrete. The bottom
ash showed large, irregular shaped particles that remain unreacted, resulting higher drying
shrinkage. The geopolymer concretes were cured at ambient temperature, and no evidence
of exothermic reactions was obseryaslistypical with ordinary Portland cement concrete

(Xie and Ozbakkaloglu 2015).

As discussed concrete mixes withHVFA tend to show delayed strength
development, which can be a persistent problem in the field if early strength is necessary.
However, many concrete structures are not loaded to their design values until several
months after placemegrsuch as in dams and heavy foundations, where slower setting times
are acceptable (Meyer 2009)itigation of excessivéaydrationretardation caused by fly
ashis possible, andvasreported to be successful Bentz and Ferraris (2010)sing
calcium hydoxide powder and a rapid set cement (including gypstima)setting time was
significantly redued They employed gypsum in all mixtures containing Class C fly ash,
as it was indicated that addirag least2% gypsum was necessary to achieve normal

hydraton (Bentz and Ferraris 2010).

2.4 WASTE MANAGEMENT

Countlessstructures are demolished daily and the need to dispose of this rubble has
continually been a inevitable burden.Much of @nstruction wastegeneratedcan be
reducedor recycled producing benefitsofr both the environment and the construction
industry (Teo and Loosemore 200Gypsum is extensively used in construction projects,
making the tposl of gypsum wallboard waste a notable issue, reported to make up for

27% of all construction and demotih waste (Recycling Council of Ontario 2006).
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Gypsum is successfully recycled around the world, with the ability to-bse@ in almost

all applications that use natural gypswithoughunfortunately, large portions of gypsum
waste are usually dumped atonstruction sites and ultimately transported to nearby
landfills (Raghavendra and Udayashankar 20T8)sis likely attributedto theabsence of
necessary incentives and resources to support gypsum recysdingecades, landfills

have provided a relatively convenient solution for waste disposal, however the need for
more sustainable solutions is apparent with increasing environmental contleens.
application of recycled gypsum waste in concrete is therefssential, as reaepixed
concrete plants are all over the map and have the ability to use gypsum waste in place of
natural gypsuntNaik & al. 2010)(Chandara et al. 2@). Thisapplicationwould not only
conserve natural gypsum deposits, but also Irelpepve valuable landfill spadeis likely

that construction companies wouldtere inclined to recycléheir gypsum waste if they

had a direct reise for itin concrete applicationgspecially at volumes larger than typically

used in Portland cement.

2.4.1 Comparing Waste Gypsum and Natural Gypsum for Use in
Concrete

A study by Chandara et al. (Z)0compared the influence of waste gypsum to natural
gypsum in ordinary Portland cement at contents of 3, 4 and 5% by weight of cementitious
material. The wastgypsum was taken from a ceramic factory to represent other gypsum
product waste such as drywall and plasterboard. The mechanical properties of mortar
specimens were investigated in terms of compressive strength, flexural strength and setting
time. The wate required for each type of gypsum showed no significant difference,

although cement with natural gypsum showed higher initial and final setting time when
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compared to cement with waste gypsum. This is attributed to the various ratios of calcium

sulfate foms occurring in the gypsum sample; that is dihydr&@aSQ {2H20),
hemihydrateCaSQ - H20) and anhydriteGaSQ). Dihydrate is the principal component

in both natural and waste gypsum, though the hemihydrate component was found to be
higher in wastegypsum(Chandara et al. 2@). This research affirms previous reports
establishing that the presence of hemihydrate decreases the setting time of cement
(Papageorgious et al. 200B5)owever, Chandara et al. (Z)Ghowed that the setting rate
had insignificant effect on compressive and flexural strength. Mortar specimens were
tested at 2, 7 and 28 days, and showed negligible strength differences at all ages.
Accordingly, waste gypsum can be used in place of ragym@sum in Portland cement
clinker without sacrificing mechanical performance.

Suarez et al. (2015) evaluates the environmental impagodiiction processes
for natural (primary) gypsum compared to reegt{secondary) gypsurfor use in the
manufactue of Portland cement. Through life cycle assessment methodology, it was
determined that recycled gypsum had numerous environmental benedfutpdrformed
natural gypsum in all categories evaluated, including greenhouse gas emissions, land
occupation, oane layer depletion, mineral extraction, and carcinogenic effects. The study
concluded that the gypsum recycling process emits less than 65% of the greenhouse gases
that are produced when obtaining natural gypsum, and also consumes less than 65% of the

enggy needed to retrieve natural gypsum (Suarez et al. 2015).
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2.4.2 Gypsum in Landfills

After many construction and demolition projects, gypsum drywall is often disposed of in
landfills along with other waste. Depending on the civic regulations and availabke wast
disposal services, drywall waste may be separated and disposed of more sustainably,
however this is not very common and poorly monitored (Construction and Demolition
Recycling Association 2019) (Rivero 2016) (Gratton and Beaudoin 2010). Gypsum waste
is harmless when isolated, howevercan become dangerouwshen mixed with organic

waste in wet anaerobic conditions (Chandara et aR)2@@rtain moisture and temperature
conditions can cause the sulfate portion of gypsum to weticbther compoundand brm

high levels of hydrogen sulfide, whichharmfulto humans and surrounding esgstems.
Hydrogen sulfide gas is flammable and has the smell of rotten eggs, known to cause serious
health effectswith human exposure. Sulfide can also dissolved intothe ground as
leachates consequently contaminating nearby water supplies (Raghavendra and
Udayashankar 2015) (Naik et al. 2008) (Gratton and Beaudoin 2048)hate analysis

done by Zhang et a{2016) indicatedhat increasing the percentage of gypsuastein

landfills positively correlates to increasimsglfide levels.As the sulfate from gypsum
drywall degrades in the landfill, it edsoable to form complexes with other unstable metals

or elements that are present, the most disturbing being arsento @s extreme toxicity
(Zhang et al. 2016). Developing a saifed sustainablalternative for gypsum waste is

therefore critical to help keep this material out of landfills.
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2.5 OTHER RELEVANT RESEARCH

251 The Effect of SQ Content on Concrete

According to theASTM Standard Specification for Portland Cement C150/C150M (ASTM
2015), a maximum of 3% or 3.5% $(3ulfite) content is applied for general use concrete,
with the higher value accepted whepAds more than 8%The reason for thimit is
referenced to be the excessive expansions related to elevatedrisént It is permissible

to exceed this limit if Test Method C1038/C1038M (ASTM 20E)sed to demonstrate

that minimal expansion occurblany researchers have explored theuefice ofSO;

content on concrete, which is relevant to the present research due to the high amounts of
SOs contained ingypsum Sulfite (SQs) that undergoes oxidation transforms to sulfate
(SQy), and both forms are often present in Portland cemidatrshan(2004) reported that
cement clinkercontains additional sulfatdsom the raw materials and products of fuel
combustionsConcrete may also be exposed to sulfates through external sources such as
ground water, soils, and seawater. These external sulfegscause a sulfate attack,
discussed in the following section.

The influence of S@content on strength of 50 mm mortar cubes prepared using
cement and fly ash was investigated by Chen et al. (2008). It was concluded that increasing
the SQ content from 1.8% to 8.8% consistently decreased the compressive strength in
cement mortar cubes. On the other hand, when the cementitious material of mortar cubes
contained 71% fly ash and 29% cement, increasingcgftent steadily increased the-28
day compressive strength (Chen et al. 2008)is indicates that elevated $€ontent is

actually beneficial for HVFA concretes.
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Hanhan (2004) studied the influenceS#; content of cement on the strength and
durability when concrete is exposedatsodium silfate environmentSome cements were
used as received from the manufacturer, and some had additional gypsum to increase the
SQOs content to 3.% and 3.6%. The durability was determined by measuring the length
change of mortar bars exposed to a sodium teuavironment, and the compressive
strengths watestedusingmortar cubes. It was determined that optimum &itent was
not the same for both durability and strength parameters, and also differed from one cement
to another, as well as from one ageriother for the same cement. Typically, strength was
optimized when S®content was 3.0%, and expansion was increased ferc8@ent
beyond 3.0%vhen GA content is low (3%)However, increasing S@ontent to 3.6% did
not increase expansion in cement witlgher GA (above 7%)(Hanhan 2004)As
mentioned, the €\ phase is the most reactidearing concrete hydratioand occurs soon
after mixing It is reported that cements with low percentages g @re especially
resistant to external sulfasdgtack (Portland Cement Association 2001).

Variable GA and SQ@ contents of heatured cement pastes was researched by
Odler and Chen (1995) for the effect on expansion. It was concluded that the extent of
expansion increased when outside water was @(pglie to delayed ettringite formation.
Additionally, increased expansion was reported for increased contents of #otn@
SOs, however the SE)C3A ratio showed no effect on expansion (Odler and Chen 1995).

Horkoss et al. (2() determined that the cag temperature had a significant effect
on the expansion of mortars. Specimens with &irces from gypsum, basanite and high

sulfate clinker all showed higher expansion when cured &bmpared to 2, and

developed microcracking at higher temperatugaging at 20C, the sample with 3.37%
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SGOs content from gypsum showed expansion of less than 0.005% and 0.015% after 150
days and 660 days, respectivddelayedettringite wasassumed to form in an expansive
reaction due to water exposure, increasing traipre, and increasir®0s; content.

Although experimental research has given credible explanations behind the
microstructure of concrete hydration conside®€@ content, its complete impacts are still
not conclusively accepted, and contradicting testilte have been report¢é@hen et al.
2008) (Hanhan 2004)t is also noted that the above research was performed on mortars

and does not consider any reactions between the paste and coarse aggregates.

2511 Sulfate Attack

Sulfate attack was not investigated in this thesis, although some research suggests that
havinghigh fly ashand gypsuntontents in concrete is beneficial for resistance to sulfate
attack (Puvvadi and Moghal 2011) (Marlay 201@Brusinski and Carrasquillo 1995)
Sulfate attacks are complexd can have numerous formd,alwhich arestill not fully
comprehended.Expansive reactions are the primary response to sulfate attack,
characterized by spalling and cracking of concrete. Sulfate exposure can be damaging to
structures, with salt crystallization in pores often charamed by surface scaling
accompanied by white efflorescence (Nehdi and Hayek 2004). During a chemical sulfate
attack, sulfate (S£¥) ions react with the hydration products of cement leading to the re
formation of ettringite and gypsumolecules This adlitional sulfate is known to cause
theformation of secondary ettringite, which ishvarmfulreactionleading to crackingnd
decreased structural performance (VasavalvRHigh SQ?% concentration may cause
ettringite to decompose to form gypsum, howetlge disruption caused by gypsum is not

well understood (Nehdi and Hayek 2004).
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Research by Prusski and Carrasquillo (1995) reported that using additional
gypsum above the typical amount used in Portland cement significantly improved the
sulfate resimnce when combined with Class C fly ash. This is attributed to the abundant
sulfate contained in gypsum that is able to react with all #Aea@d aluminates in concrete
at early ages, so these reactions are not available to react with these alumliaiaiesges
(Prusinski and Carrasquillo 1995).

Two broad classes of sulfate attacks are categorized: external sulfate attack and
internal sulfate attackexternal sulfate attack often originates freorrounding sources
like soils, seawaterwastewater, @d ground water Internal sulfate attack is caused by
sulfate sources in the cement clinker, aggregates, water or admixilkakne-earth
metals (calciumandmagnesium) and alkali metals (sodium and potassium) are the sulfate
compoundsesponsible for sulfate attack (Vasavai?0Research has often focused on
the effect of SG without much attention given to the associated catibimsre is ongoing
controversy as to the effect of each of these products on the deterioration ofe;armtet

the traditional view of sulfate attack has been challenged (Nehdi and Hayek 2004).

25.2 Particle Fineness

When size distribution and the influence of surface aeraanalyzed fogypsumparticle

sizes ranging from approximately @130 micrometers, itvas found that the amount of
water lost was essentially the same for all particle $&adosa et al. 2018yhe hydration
kinetics of the cementitious pastas altered by the fineness of gypsum, as fine patrticles
reduce the dissolution time of gypsuRarticles with higher fineness were found to be
consumed faster, displaying an accelerated rate of ettringite formation as well as exhibiting

higher amounts of heat released.
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Mehta and Monteiro (2014) report that the reaction between water and cement is
also affected by the fineness of cement, with the rate of reactivity increasing with finer
particle sizes. Particle sizes larger thare 4%are slow to hydrate, and complete hydration
may not occur in particle sizes larger thare 78Finer particles hava higher surface area
relative to their volumehat would be in contact with watepon mixing leading to a
higher rate of hydratiorthe design of higtearly strength Portland cement was developed
corresponding to this knowledge, showing a shifted partsize distribution curve
compared to normal strength Portland ceméiglre 25 presents patrticle size distribution
data from ASTM Type | (normal) and@ype Il (high early strength) Portland cement

(Mehta and Monteiro 2014).
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Figure2-5  Typical particle size distributions data from ASTM Types | and Il Portland
cement samples (Kumar and Monteiro 20Mlith modifications)

2.5.3 Recycled Concrete as an Aggregate Replacement in Concrete

Using recycled materials in concrete is continually increasing as efforts are made to reduce
the environmental impactsf the industry and reduce the accumulation of waste. This

prompted the use of recycled concrete as an aggregate replacement in cesyeetally
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developing relevance after the Second World War. Nixon (1978) studied recycled concrete
as an aggregate for concrete and concluded that implicating the recycled matesial lead
lower compressive and flexural strength. It is also acknowledigad using crushed
concrete fines in new concrete increases absorption and therefore sharply increases the
water requirement. Contamination by gypsum plaster was discussed as the source of sulfate
impurity, identified to cause undesirable expansion in i@acLess expansion was
observed when the specimens were allowed to dry, or when larger particle sizes were used
(Nixon 1978).The performance of concrete manufactured Witb0 and 100%ecycled
aggregate was investigated by Olorunsogo and Padaya€@2e{2ing durability indexes

as indicators. They concluded that replacement with recycled aggregate reduced the
durability quality for all indexes, including chloride conductivity, oxygen permeability and
water sorptivity (Olorunsogo and Padayachee (2001)

Behera et al. (2014) reviewed more recent studies on the status of using recycled
aggregate in concrete, concluding that inferior mechanical and durability perforwasce
observed compared to conventional conglietduding reduced compressive and fledur
strength Drying shrinkage was identified as a very prominent featuitd, significantly
higher drying shrinkage occurring with increased recycled aggregate, likely due to the
reduced modulus of elasticitl.is interesting to note that expansion was reported as a
problem in the comprehensive reviebechniqus for improvng the properties of recycled
aggregate concretgere acknowledged, including incorporating mineral admixtures and
modifications to the mixing proced3ue to the inferior qualiéis of concrete with recycled

aggregate, its application of is currentlynited. Although due to its environmental
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benefits, research on this concrete type continues to advamamycountries (Behera et

al. 2014)

254 CementFree Binders Using Fluorogypsum

Garg and Pundir (2016) were able to develop cetfreptbinders using fluorogypsum (96

99% by weight) ground with different chemical activators4¢a by weight).
Fluorogypsum has essentially the same chemical makeup of gypsum (calcium sulfate and
water), bt with 1-3% fluoride (F) present @eleral Highway Administration Research and
Technology 2016) Strength enhancement was due to the formation of intermediate
unstable sa#{ converting fluorogypsum into gypsum. Concrete specimens developed
strength similato cement, increasing continually in the hydration period with maximum
strength attained at 28 days, the latest age teste®8 Mays, all specimens developed
compressive strength of at least 15 MPa, with the highest strength attained (38 MPa) in the
mix with anhydrous calcium chloride and sodium sulphate activators (Garg and Pundir
2016). This research conveys the possibility that using appropriate chemical activators with

recycled gypsum in concrete could be a viable solution for cement replacement.
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CHAPTER 3 APPLICATION OF RECYCLED GYPSUM
WALLBOARDS IN CEMENT MORTAR!

ABSTRACT

Gypsum isa naturally formed mineral thatasready known to®added to cement at small
percentages in order to reduce the speed of reaction with water, however it seems that
substantial technical research has not been done concerning larger proportions of gypsum.
The primary objective ahis studyis to useecycked wallboard/drywall powder (hereafter
calledgypsun) as a partial replacement for cement@menimortarmixtures to introduce

a more sustainabbnd environmentally friendlgolutionthat lowers carbon dioxid€(Q,)
emissiongdy using recycled materials, while maintaining adequate strength and durability.
Used gypsum wallboard is often sent to landfills instead of being recycled, which can cause
leachates with harmful environmental and health effects. Highktures containing
different combinations of cementitious material including cement, gy@sunfly ash

were mixed with water anfihe aggregates and placed in®®n mortar cube molds. After
curing in a moist room, the mortar cubes were tested for compressive strehgthgtof

3, 7, 28, and 5@lays Superplasticizers were used to regulaigture consistency, as
adding gypsum was found to dehydrate the mixture. Fly asis also used, though
requiing a longer initial setting timaghan cementThis studyshowed that mixtures
containing only recycled gypsum and cement showed lower compressive strength at all

ages, becoming increasingly weak with increased proportions of gypsum. However,

! This chapter wasyblished as a conference paper proceeding the 2019 B6/@E&I Conference
SarahHanserand Pedram Sadeghian. 2019. "Application of recycled gypsum wallboards in
cement mortar.CSCE Annual Conferendeaval, Quebec, Canada: Canadian Society for
Civil Engineering. MA51.:8.
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combining gypsum and fly ash as partial replacement for cementitious material showed

increased compressive strength, especiall\atgr ages.

3.1 INTRODUCTION

It is well known that the production of cement releases large amounts xin@Che
atmosphere, causing negative impacts on our environment and contributing to global
warming.Using a recgled material decreases the demand on producing virgin materials,
ultimately reducing the C&emissions, saving precious landfill space and keeping landfill
sites unharmed he construction industry produces roughly 33% of all solid waste in North
America,with gypsum wallboard product comprising about 15% of this waste (Gratton
and Beaudoin 2010 urrently, the majority of wallboard waste is disposed of in landfills,
which is unsustainable and harmful to the surrounding environkiviein exposed to rain

and organic waste, landfill sites containing large volumes of gygsawa been shown to
produce significant levels dfiydrogen sulfide This sulfide can be absorbed into the
leachates or released into the air as a dangerous, flammable gas (Gratton anihBeaud
2010). When absorbed into the leachates, the groundwater and consequently nearby
ecosystems are vulnerable to its harmful effects. As the sulfate contained in gypsum
drywall degrades in the landfill, it is also able to form complexes with other unstable metals
or elements that are present in landfills, the most concerning being arsenic due to its high
toxicity (Zhang et al. 2016)f the ability to use increased volumes of gypsum in cement is
discovered to be successful, construction companies would likely beinuotireed to
recycle their gypsum waste to then be used in concrete applications, instead of producing
or purchasing more. Having a sustainable use for recycled gypsum in concrete provides us

with a safe and sustainable alternative by keeping the matariabf landfills and
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decreasing C®emissions during production, consequently lowering our environmental
footprint

Suarez et al. (2016) used life cycle assessment methodology to evaluate the
environmental impacts of using natural and recycled gypsum mlaRd cement
production, but consideration was not given to the mechanical properties of concrete. A
study by Naik et al. (2010) reported that replacing cement with up to 10% powdered
gypsum wallboard did not adversely affect the properties of concrate,batter
performance was observed when blending Class C fly ash and powdered gypsum with
cement. Mineral additives such as fly ash have been reported to greatly enhance the
durability of concrete and resistance to environmental impacts, as well as mpgovidi
economic and ecological benefits. However, it is widely acknowledged that these by
products can reduce early strength of concrete (Wu and Naik 2002). Marlay (2011)
considered that additional gypsum may be required to promote more desirable chemical
readions during concrete hydration when fly ash is used for cement replacement in high
volumes.With few researclactivitiesconcerningthe effect ofrecycled gypsum material
from drywallsin concrete, its effect igenerdly not welkknown. This paper repatthe
results of a preliminary study on the effects retycled gypsum for use as partial

replacement for cement in mortar culesler compression.

3.2 EXPERIMENTAL PROGRAM

3.2.1 Test Matrix

The main test matrix consisted of five batches of mortar with varying gprop® of
gypsum for partial replacement by weight for cement, including a control mix containing
no recycled gypsum. Additionally, three mixes containing fly ash were prepared and tested
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under compressive loadinghe quantity of sand (2914.8 g) and w4 mL) was kept
constant in each batclio keep the consistency of the mix to a relatively similar level of
workability, variable amounts of superplasticizer were added during mixihe.

speci menbés batch prTahged1.ti ons of are shown

Table3-1 Test matrix and material quantities

Specimen Gypsum| Fly Ash | Cement Gypsum | Fly Ash | Cement Supgr
Group ID Content| Content| Content @) ) ) plasticizer
(%) (%) (%) (mL)

0 0 0 100 0 0 1060.6 0
1G 10 0 90 106.2 0 954.3 1
2G 20 0 80 211.8 0 848.3 1.5
3G 30 0 70 317.9 0 741.8 2.5
4G 40 0 60 424.4 0 635.9 3.5
5F 0 50 50 0 530.1 | 530.2

25GF 25 25 50 265.1 265.4 | 265.4 1
1G4F 10 40 50 106.3 424.1 | 424.1

3.2.2 Material Properties

In this research, the gypsum was used as is from a drywall waste recycling company (USA
Gypsum, Denver, PA, USA) that processes the material initirarfine consistency with

particle sizes ranging from 1/8 in. (3.175 mm) to dust. The cement used in all mixes was
Type GU Portland Cement (CRH Canada Group, ON, Canada). Fly ash was available in
the lab (Dalhousie University, NS, Canada). The sand egadly sourced (Casey Metro,
Halifax, NS, Canada) and was used in air dried condition, so a level of moisture content
was accepted. The gypsum and sand were both put through a sieve analysis to determine

the particle size distribution curves, showrFigure3-1.
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Figure3-1 Particle size distribution of gypsum, sand and Portland cement. Note:
Portland cement data retrieviedm Sata et al. (2010)

During the sieve analysis, it was discovered that dgbight fibrelike particles
attached together to create small bunches or clusters of material. To produce drywall, two
outer sheets of paper contain the gypsum plaster,is@sisumed that these particles are
madeof paper that remained during the recycling process, however the actual chemical
composition is unknown. These bunches tend to be larger and more loosely attached on the
smaller number sieves (with larggpenings), and more frequent and more tightly packed
as the sieve size raises. Passed the No. 100 sieve, these clusters were no longer noticeable.
Photos of various sieves retaining the recycled gypsum material are shbigara 32,
includingthese pairtle bunchesThese particles were only discovered after multiple mixes
were castind were therefore continued toumed in all mortar mixegpotentially causing

decreased strength.

43



(a) 1.18 mm (b) 0.6 mm ‘ (c) 0.3 mm

Figure3-2  Gypsum retined of sieves (a) No. 16 (b) No. 30 (c) No. 50 (d) No. 100

3.2.3 Specimen Preparation

To prepare the specimens, ASTM C109 (2016) was followed for each of the mix designs.
All material was slowly added ®@tabletop electric mixer and then allowed to mix fes 2
minutes until a uniform texture was accomplish&diding gypsum tanortar, even at only

10% of cementitious material, was found to dehydifsenix andreduce workability. For

this reasonthe researcher visually and physical®ssed each miand deawed whether

or not to add superplasticizer based on the workability of the mortar in comparison to the
control mix. If needed, superplasticizer was added to the mixer in increments of 0.5 mL
using a syringeevenly distribuéd and allowed to mix for another minute or so. The
consistency of the mortar mix was thessesgsed again, and the process described above
was repeated as necessary. After mixing, the 5@&uobespecimen moldshown inFigure

3-3, were filled and hand tamped as requibgdthe standardThe molds were removed

after 24 hours and the specimens were laleelled andnoved to a moist closet for curing
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Figure3-3  Cube specimen molds

3.2.4  Test Setup and Instrumentation

Specimens were tested promptly after removal from the moist closet and tested at specified
ages. The procedure for the determination of compressive strength was in accordance with
ASTM C109 (2016). Theompression testing machirseshown inFigure3-4, where the

maximum load is measured in pounds (Ibs).
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Figure3-4  Compression testing machine
3.3  RESULTS AND DISCUSSION

3.3.1 Compressive Behaviour

Specimens were tested under compressive loading after curing for 3, 7, 28 and 56 days.
The average compressive strength was calculated by first converting the measured load
from pounds (Ibs) tmewtons (N), and then to megapascal (MHaple3-2 provides the
average results for compressive strength of specimens testieding thecoefficient of

variation(CV) taken from 3 mortar cubes per test.
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Table3-2 Summary of compressive strength results
Day 3 Day 7 Day 28 Day 56
Average Average Average Average
ID
Strength Cv Strength Cv Strength Cv Strength Cv
(%) (%) (%) (%)
(MPa) (MPa) (MPa) (MPa)
0 26.99 | 3.82 | 3796 | 540 | 41.22 | 17.81| 52.49 | 16.17
1 25.5 2.00 28.17 | 4.83 27.73 | 3.35 30.1 2.26
2 14.23 | 6.25 17.2 11.92 | 2476 | 2.75 2491 | 6.42
3 13.34 | 6.67 16.61 | 8.19 21.5 3.16 21.2 3.21
4 13.05 | 21.92 | 1245 | 46.83 | 11.12 | 25.00 | 14.68 | 50.07
5F 20.31 | 10.78 | 26.84 0.97 55.75 | 16.61 | 51.15 | 24.50
25GF | 8.16 8.33 18.09 | 9.29 | 4359 | 2.71 | 4952 | 12.74
1G4F| 13.2 1659 | 26.69 | 880 | 4181 | 562 | 4196 | 6.82

Typically, specimens subject to compressive loading failed bgkbrg into an

hourglass shape with larger pieces falling around the centre of faces not in contact with a

surface. However, the specimens containing 40% gypsum broke more itexathsiand

into smaller pieces that crumbled apart much easier than other speciiisnsiay be
caused by the unknown fibli&e particles that were discovered in the gypsum material

during the sieve analysiEhe failure modes of various specimens aftanpression testing

are shown irFigure3-5.
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Figure3-5  Compression testing on specimens (P G, (c) G3 (d) G4
3.3.2 Effect of Gypsum Content

It was detected that gypsum hdewaerdensity in mortar mixes when compared to cement,

as the specimensd weight continually decr
results shown iable3-3 are averaged from 3 cubes weighed on day 56, with the bottom

row indicating the average difference (decrease) in weight compared to the control batch

which contaiedno additional gypsum.

Table3-3 Cube weight varying with gypsum content

Gypsum content (%) 0 10 20 30 40
Average weight (g) 300.30| 289.47| 287.93| 286.83| 278.30
Decrease from control (g) 10.83 | 12.37 | 13.47 | 22.00
Decrease from control (%) 0 3.74 | 430 | 470 | 7.91

o

Replacing varying percentages of cement with recycled gypsum powder as the
cementitious material of the mixas generally found tdecrease the compressive strength

of specimenskFigure3-6 shows a comparison of the compressive strength at each test day
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in relation to the gypsum content, including error bars representing the standard deviation
betweentest specimengAs the gypsum content increakea continuous decrease in the
average compressive strengthsobservedt all agesn comparison to the control batch.

The largest decrease in strengihs observed between-100%, and noticeably smaller
variationswere seeffor batches containing 20% and 30% gypsum. When the cementitious
material contaiad 40% gypsumtestresultswereinconsistent with large error bars, and

no significant strength gaimasdeveloped passed day 3.
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Figure3-6  Compressive strength with varying gypsum content

Figure 3-6 was split up into separate graphs for each day in order to determine
suitable trendlines fothe compressive strength with increasing gypsum content. After
assessing each of the individual graphs, the trends are generally best described by a
negative logarithmic distributiofable3-4 highlights the results of the trendline analysis,
includingthetrendline equation and coefficient of variatiorf\Rund for each test day. It
is accepted that ar’Ralue equal to 1 indicas the best fit of the data to the model, so the

model is lastsuitable at day 3. It was also determined that specimens allowed to cure for
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longer time periods showed a larger decrease in strength in comparison to the control batch.
This can be seess the negative slope of the logarithmic trendline continually decreasing
from day 3 through 58 he xvalue designates the gypsum content in cementitious material

(%), and the yalue designates the compressive strength (MPa).

Table3-4 Trendline analysis at each test day

Trendline Day 3 Day 7 Day 28 Day 56
Equation y =-10.12In(x) | y =-16.17In(x) | y =-16.61In(x) | y =-22.31In(X)

+28.31 +37.96 +41.17 +50.04

R?value 0.846 0.972 0.938 0.963

3.3.3 Effect of Fly Ash

Three batches of mortar were mixed using fly ash as partial replacement in the cementitious
material, one including only cement (5F), and two also including recycled gypsum powder
(25GF and 1G4F). The average results from the compression tests for tReseami
presented ifrigure3-7. Significant strength developmenasobserved between 7 and 28
days, however the strength development between 28 and 56wdaygariade and
considered insignificant. This differs from mixes containing only gypsum and cement
shown inFigure 3-6, where the strength gabetween test daysaslesssignificantand

less variable
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Figure3-7  Compressive strength with varying gypsum and fly ash content

In order to compare the strength development of mixes containing fly ash to those
without fly ash Figure3-8 was developedrigure3-8( a) compares test res
contani ng 10% gypsum and 90% cement to mix
fly ash and 50% cemerfigure3-8 (b) uselt he average test resul t:
Rn3Goenbech25G0, hypothetically containing :
with mix A25GFO0 which contains ZHe$$grgophsp S um,
show that mixing gypsum with fly ash and cement yields smaller compressive strengths at
day 3, omparable results at day 7, and noticeably higher strengths after longer curation
periods of 28 and 56 days.isttherefore concluded that mixes containing fly ash require

longer time periods to develop compressive strength.
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Figure3-8 = Compressive strength comparison with fly ash
3.4  CONCLUSIONS

In this study, eight batches of cement mortar were cast in 50 mm cubes to be tested under
compressive loading after 3, 7, 28 and 56 days of curingc@ientitious content of these
batches included one control batch watily cement, four batches with recycled gypsum
drywall powder replacing cement at 10, 20, 30 and 40%, one batch containing only cement
and fly ash, and two batches containing cementsgypand fly ash. The results show that
partially replacing cement with gypsum yields lighter weight specimens and consistently
decreases the compressive strength at all ages in a negative logarithmic trend®%m 0
gypsum replacement. The deviation frtm control mix was seen to continually increase

with age, with the largest deviation at 56 days. Incorporating fly ash into the mixes with
gypsum improved the compressive strength, especially at later ages. This study will be
continued by further investaging the effects of recycled gypsum in concrete cylinders to
find an optimal design mix. Heavier consideration will be given to mixes containing fly
ash due to its positive reaction with gypsum causing increased compressive strength, and
less consideratiowill be given to mixes containing only cement with higher percentages

of gypsum as partial replacement.
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CHAPTER 4 RECYCLED GYPSUM FOR PARTIAL CEMENT
REPLACEMENT IN CONCRETE?

ABSTRACT

The concrete industry is known to leave a massiweronmental footprint on our planet

which can be reduced by-using waste materials in the cementitious content, thereby
decreasing cement content. Gypsum wallboards or drywalls useebnilding industry
areamajor source of construction and deitioh waste Gypsumdrywall waste contains

a valuable mineral capable of being effectively recycled, however it isdiffpased of in

landfills, whereit can cause adverse reactiomsits environment In this experimental

study, recycled gypsum powdgrrereafter called gypsuroptained from waste drywalls is

used to partially replace cement in concrete mixes. A total of 15 different concrete mixes
were prepared containing 0, 5, 10, 15, and 20% gypsum and 0, 25 and 50% fly ash (FA) as
partial replacemenfor cement. Superplasticizer was used to regulate the mixture
consistency, as adding gypsum was found to dehydrate the mix. Nine identical specimens
per mix were cast into 200 mm x 100 mm cylindrical molds, and 3 of each were tested for
compressive strengtafter curing in a moist room for 7, 28 and 90 days. The mixes were
separated into 3 groups based on the FA content, and strength results were compared to
thoseofthe e specti ve control mix containing no g
025% RArclb mix6 and 650% FA control mi x 0 .
gypsum as a partial cement replacement was disadvantageous to strength properties,
however combining fly ash and gypsum was beneficial at later ages. After 90 days,

specimens containin5% gypsum and 25% FA showed a 15% strength increase from the

2 This chapter has been submitted for review as a manuscript to the Journal of Cleaner Production
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25% FA control mix. All mixes containing 50% FA maintained equivalent strength to the
50% FA control mix after curing for 90 days, showing that the addition up gypsum up to
20% of cementitiousontent had no negative effect on the compressive strength at later
ages. Incorporating recycled gypsum drywall in concrete not only keeps harmful material
out of landfills, but also can provide positive effects on concrete strength when adequately

combinal with fly ash.

4.1 INTRODUCTION

Gypsum is one of the oldest and most commonly used building materials globally due to
its many positive attributes. Firstly, it is abunddm@ingmined in its natural form, as well

as being generated synthetically as gplyduct of selectindustrial processes. It is also
economical, fire resistant, versatile and can reduce s@isdn 2001) Gypsum (CaS©

1 2H20) deposits are formed naturally in sedimentary basins where calcium sulfate
(CasSQ) resources were hydrated. Gypsum is predominantly used for wallboard, also
known as drywall or gyprock walls, and has been extensively used in the building industry
for the construction of interior walls and ceilings. The main component of the wallboards
is gypsum, which is extruded between two layers of pdpeste are many oth&nown
markets for the producincluding its widespread use in the farming industry for its
agricultural benefits and soil improvement capabilities, as well as for animal geddin
(CDRA 2019) The essential role of gypsum is widely acknowledged in cement production,
although only used in small percentages. It is incorporated into the cement as a set regulator
to control the setting of cement in order to reduce the speed of readtiowater(Naik

et al. 2010)Recycled gypsum can be used interchangeably with natural gypsum for almost

all applications. A study by Suarez et(@016)uses life cycle assessment methodology to
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evaluate the environmental impacts of using natural reogcled gypsum in Portland
cement production. This research showed that using recycled gypsum instead of naturally
mined gypsum provides many environmental benefits, including consuming less than 65%
of the energy, and emitting less than 65% of greeréhgases.

Despite being a valuable recyclable material, gypsum is mainly disposed of in
landfills, thereby increasing the demand on virgin materials and taking up unnecessary
landfill space(Recycling Council of Ontario 2006It is also important to recoge that
the decomposition of gypsum waste in landfills can cause a series of biological and
chemical reactions with potential for harmful environmental impacts, mainly due to its
sulfate (SQ) content. Having a sustainable use for recycled gypsum in etenaould
provide contractors doing demolition projects with a direct way toseethe material,
expectantly making gypsum recyclingprecommon.

The basic components of concrete are water, coarse and fine aggregates, and
cement. Of these components, islvknown that the production of cement is the most
environmentally impactful. The production of one ton of cement releases nearly one ton
of carbon dioxide (Cg) into our atmosphere, causing negative impacts on our ecosystems
and contributing to global arming (Meyer 2009).Since the popularity of concrete is
unlikely to decrease and environmental effects are increasingly of concern, there is an
apparent need to transition concrete to a more environmentally friendly material.
Considering cement is the midsarmful, an obvious solution is to use less cement by
partially replacing it with other cementitious materials. Common supplementary
cementitious materials include 4pyoducts of industrial processes, such as fly ash. The

availability of fly ash has ineased significantly since environmental regulations required
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power plants to install mechanisms to trap fine parti@ésyer 2009) Incorporating fly
ash in concrete mixes provides economic and ecological benefits by utilizing a product that
is potentialy harmful and costly to dispose of. A study done by Wu and (2882)found
that blended cements containing 40% and 60% coabustion byproducts such as fly
ash develop higher compressive strength and a higher resistance to freezing and thawing
cycles.However, it is widely acknowledged that fly ash can reduce the early strength of
concretdWu and Naik 2002)Typical Portland cement has adequate oxides and aluminates
to react when hydrated, however fly ash necessitates additional activators (symuas)gy
in order to initiate hydratiofMarlay 2011)

As previously mentioned, gypsum, or calcium sulfatbytirate (CaS@fT 2H.0),
is essential to the production of Portland cement and is already incorporated in cement
clinkers at approximately 5%Naik etal. 2010).Without calcium sulfate sourceshe
tricalcium aluminate (3Ca@ Al>Oz abbreviated to ¢\) in cement will have a rapid
reaction with water (kD) causing it to harden too quickly and become unworkddelay
2011) The sulfate (S%) containedn gypsum reacts at room temperature in early ages
with tricalcium aluminate and water to form neelilke crystals otalcium sulfoaluminate,
or ettringite (CgAl,(SOy)3(OH):, T 26H,0). Ettringite is a necessary and beneficial
component in concretdikely contribuing to its strength(Portland Cement Association
2001) Having an elevated concentration of tricalcium aluminate in comparison to calcium
hydroxide (Ca(OH) at a later time macause the ettringite to become unstable and

convert to monosulfate (G&l,0(SOy,) 1 14H,0) (Christensen et al. 2004) sulfate ions

get into concrete later, the monosulfate will react with prdgieatcium aluminatéons to

convert back to ettringiten an expansive reactiofiNaik et al. 201Q) This expansive
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reaction igeferred to as delayed ettringite formation angnfavourable as it can crack or
damage concrete that has already hardelad.established that gypsum can stabilize
ettringite awl replacing some cement with fly ash reduces the amounts of free tricalcium
aluminateand calcium hydroxide from cemefWu and Naik 2002)The activation by
gypsum is mainly based on the capability of sulfate ions to react with the alumina provided
by fly ash(Aimin and Sarkar 1991An optimum use of gypsum and fly ash can therefore

aid in reducing the quantities of susceptible components (monosulfat€agridm
hydroxide) present.However, there is a concern in the literature about undesirable
chemicalreactions that may occur within the microstructure of concrete during hydration
with excess gypsum. It has been reported that excess amounts of activators (gypsum) may
cause a nfalse seto (stiffness) of fresh
required densification of the mi Nakstalr uct ur
2010) (Marlay 2011)it has also been reported that adding high amounts of sulfate sources
can cause excessive expansion after hardef(ilaik et al. 2010) (Pordihd Cement
Association 2001).

Research done by Naik et 010)considered concrete mixes replacing cement
with 0, 7, 10 or 20% powdered gypsum wallboard, combined with 0, 20, 33, 50 or 60% fly
ash. The study revealed that mixtures containing powdered gypsum showed lower
compressive strength, particularly at early agtgsvever, the replacement of cement with
a combination of fly ash and gypsum performed better than replacing cement with only
gypsum. Combining fly ash (20%) and powdered gypsum (10%) with cement (70%)
yielded results comparable to plain cement afterga§ih days, demonstrating that up to

10% powdered gypsum can be used in concrete without showing adverse effects on its
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mechanical properties. During the same experiment, higher expansion (0.043%) was
observed in concrete mixtures made with gypsum, impliomger resistance to sulfate
attack.Although, a mortar mixture replacing cement with 10% powdered gypsum and 50%
fly ash showed much higher resistance to sulfate attack than the control mixture containing
only cement. Research by Raghavendra and Udaykeh@915)was done on the fresh
and hardened properties of mortar mixes containing discarded gypsum wallboard and fly
ash as secondary cementitious materials in controlled low strength materials CLSM
This investigation used quarry dust as the fineregate, and the mix proportions of
powdered gypsum wallboard as cement replacement are considerably h$g60(9%).
They reported reduced compressive strength and increased water demand of CLSM mixes
when gypsum and quarry dust were incorporated, Wehnaximum compressive strength
occurring at 28 days. The aforementioned research by Naik @040D)only considers
five concrete mixes with gypsum replacing 10% or more of the cementitious material, and
the report by Raghavendra and Udayasha(®@t5)only considers mortar mixes. Thus,
it seems that substantial technical research has not been done concerning large proportions
of gypsum as partial cement replacement in concrete.

This study was designed to continue exploring the prospect of reduciaigtust
of cement needed in concrete by creating multiple mix combinations replacing up to 75%
of cementitious material with recycled gypsum powder and fly ash. The goal is to produce
a more sustainable and environmentally friendly concrete mix that nmasirddequate

compressive strength.
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4.2 EXPERIMENTAL PROGRAM

4.2.1

The test matrix consisted of 15 batches of concrete with varying compositions of
cementitious material, including control reswith only cemen{Case #16, 11). Gypsum

was used as partieeplacement by weight for cement at proportions of 0, 5, 10, 15 and
20%. Fly ash was used at 0, 25 and 50% partial replacement by weight for cement. The
water to cement ratio (W/C) was kept to 0.475 in all mixes. To keep the consistency of the

mix to a elatively similar level of workability, variable amounts of superplasticizer were

Test Matrix

added during mixing. The specimébstch proportions ardisplayedn Table4-1.

Table4-1 Test matrix and cementitious content percentage by weight
. Percentage by weight (%) Number of
Case # Specimen 1D Gypsum Fly Ash Cement | Specimens
1 FGO-FAO-C100 0 0 100 9
2 FG5FAO0-C95 5 0 95 9
3 FG10FAO-C90 10 0 90 9
4 FG15FA0-C85 15 0 85 9
5 FG20FAO-C80 20 0 80 9
6 FGOFA25C75 0 25 75 9
7 FG5FA25-C70 5 25 70 9
8 FG10FA25C65 10 25 65 9
9 FG15FA25-C60 15 25 60 9
10 FG20FA25-C55 20 25 55 9
11 FGO-FA50-C50 0 50 50 9
12 FG5FA50-C45 5 50 45 9
13 FG10FA50-C40 10 50 40 9
14 FG15FA50-C35 15 50 35 9
15 FG20FA50-C30 20 50 30 9
Total - - - - 135

Note: 3 identical specimens of each group weredsdt7, 28, and 90 days
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4.2.2 Material Properties

The cement used in all mixes was Type GU Portland Cement (CRH Canada Group, ON,
Canada) . The fly ash is 06Class FO6 bituminao
(Ocean Contractors, Halifax, NS, Canada). The gypsum used in thisveasdyom a

drywdl waste recycling company (USA Gypsum, Denver, PA, USA) that processes the
material into an ultrdine consistency with particle sizes ranging from 3.175 mm to dust.
The fine aggregate (sand) and coarse aggregate (gravel) were locally sourced (Casey
Metro, Halifax, NS, Canada) following ASTM C33/C33(d018) Moisture content tests
revealed that the gravel had a very small average moisture content of 0.12%, so it was used
in asis condition. The gypsum powder and sand showed higher moisture contents (18.29%
and 3.39%, respectively), so they were oderd overnight, allowed to cool and then
stored in aitight containers before use.

A sieve analysis was conducted according to ASTM C136/C1@8¥5)for fine
aggregate (sand) and the original recycled gypswaterial.During the sieve analysis of
gypsum, it was discovered that lightight fibrelike particles attached together to create
small bunches or clusters of materie researcheessumehat these particles are made
of paperor paintthat remainedrom the outer sheethiring the recycling process, however
the exactcomposition is unknown. These bunches tend to be larger and more loosely
attached on sieves with larger openings, and more frequedeardly packed as the sieve
opening size decreas@sese clusters were no longer noticegialesed the No. 100 sieve
(0.149 mm opening) and No. 200 sieve (0.074 mm operfngiminary testing was done
using the original gypsum material (with particle bunches) as well as with onfinéhe

gypsum parties (retained on the No. 100, No. 200 and trayese trial tests indicated
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that using only the fine gypsum material showed increased compressive strength results up
to 7 days. Accordingly, only the fine gypsum partioleere used in theoncretemixes,
and the coarse portion was discardéthotos of various sieves retaining the recycled
gypsum materiahand particle bunchesmre showrpreviously in Chapter Jigure3-2.

Figure4-1 shows magnified polarized light photos taken under a microssfde
and coarse gypsumemment, and fly asfi.he particles were placed into a puck shape mold,
coated with epoxy, cured at air temperature, and then polished before examination with the

microscope.

g 200 pm §

g

i 200 pm

Figure4-1  Magnified view of (afine gypsumib) coarse gypsunfc) cement{d) fly
ash

Additionally, a particle size distribution analysis for the fine particles (fine gypsum,

fly ash and Portland cement) was darsing laser diffractiomy Dal housi e Uni
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Materials Engineering €hter. Theparticle size distribution curvdsr these fine materials,

along with the sand and original (coarse) gypsum, are sholigure4-2.
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Figure4-2  Particle size distribution of various materials

4.2.3 Specimen Preparation

To prepare the test specimens, ASTM C19228192018)was fdlowed for each of the

mix designs. All material was added to the mixer and allowed to mix until a uniform texture
was accomplished. The mixer was stopped periodically and manually scraped to ensure
that minimal material was stuck to the sides and inéinére. Adding gypsum to concrete,
even at only 5% of cementitious material, was foundebydrate thanix andreduce
workability. Each mix was thereforg@sually and physically accesskythe researchemnd

based on the workability in comparison to tlatrol mix, it wasdecided whether or not

to add superplasticizdf.needed, superplasticizer was added to the mixer in increments of
10 mL using a syringe and evenly distributing the liquid throughggbntinuingmixing

until uniform. In accordance wWitprevious research, it was realized that mixes containing
higher amounts of gypsum would require more superplasticizer. To adhere to the

recommendation ofASTM C192/C192M Section 8.1.2(2018) the quantity of
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superplasticizer from the previous (lower gym content) mix was added to the water
during mixing, instead of directly to the concrete.

After mixing, cylindrical molds with a diameter of 200 mm and a depth of 200 mm
were filled and hand tamped as required by the standard. Due to the longer ssjuineel
for fly ash noticed by the researcher duringl tests, all molds were removed after 5 days
and cured in a moist closet. This differs from the ASTM specification, which indicates
removal from molds after 24 houfEgure4-3 (a) shows a sample of the dry materials used
in concrete mixesFigure 4-3 (b) shows the researcher hand tamping concrete in the
cylindrical molds andFigure4-3 (c) shows a sample of specimengh and without fly
ashafter removal from the moldst can be seen that specimens containing fly ash (labelled
FGO-FA50-C50-X) appear to have a darker colour than those without (labelled &5
C95-X); this was more noticeable at early age§specimens were cured in a moist room

held at approximately 986% humidity during their curing periods of 7, 28 and 90 days.
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Figure4-3  Specimen preparation: (a) dry materials; (b) hand tamgpegomparison
of specimens with and without fly ash

4.2.4  Test Setup and Instrumentation

The procedure for the determination of compressivength was in accordance with
ASTM C39/C3M (2016) To ensure even loading, each end was capped using a sulfur
capping compound and allowed to set &wout3 hours prior to testing. The specimens
tested on day 7 and 28 were tested usimgaghine that masuredonly the maximum
compressive loadA spherical platen was used on the upper surface of the compressive
machine to minimize any accidental eccentricities. On day 90, compression tests were
conducted on a universal testing machine with a constatinpaate of 0.5 mm/min. In
addition, the specimens tested on day 90 were also equipped with four linear
potentiometers (LPs) to measure axial and lateral strain. Two lateral LPs (LP #1 and LP
#2) were placed perpendicular to load and to the cylinders aidepproximately 180

degrees from one another. The axial LPs (LP #3 and LP #4) were fixed parallel to the
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cylinders side and opposite of one another, using a metal bracing system connected to the
cylinder by six bolts. A schematic of the test setup asttumentation is shown Figure

4-4 (a), and a photo of the actual setup is showkigure4-4 (b). All specimens were

subject to compressive loading until failure, determined to be just after the peak load was
attained.The ef fect on physical properties wer
weight and diameteshange

(a)

Concrete
Cylinder

LP #1

Capping

Steel Base Plate

Figure4-4  Test setup and instrumentation (a) schematic; (b) actual test setup
4.3  RESULTS AND DisScUSsSION

4.3.1 Compressive Behaviour

Specimens were tested for compressive strefigfiuider axial loading until failure after
curing for 7, 28 and 90 day$able4-2 presents the summary of compression test results
based on the average of three identsg@cimens for each specimen gromgluding the
coefficient of variation (CV)At failure, all specimens showed observable maraxking

on the surface, and often audible fracturing of concretedvgtinguishedas the peak load
was approached. It wadserved that all specimens failed in compression in relatively the

same manner. A combination of longitudinal (vertical) and transvers (horizontal) cracking

67



occurred, often causing larger diagonal cracks. Spalling of the concrete surface was also
observedn areas near crackbhe fracture types identified include a combination of conic,
diagonal and shear crackinhe severity of cracking depended on how long the specimen
was subject to loading past its peak load. More visible and severe cracks oceurred o
specimens that were left under loading for longer time periods after failure, occasionally
leading tocompletefracture.Figure4-5 depicts various specimens aftelidee, showing

cracking patterns.

Table4-2 Summary of test results for compressive strength

Day 7 Day 28 Day 90
Specimen Group| Average Average Average
ID Strength (E/OV) Strength (Cé/o\/) Strength (Co:/:/)
(MPa) (MPa) (MPa)

FGO-FAO-C100 31.78 5.57 43.16 2.64 50.05 7.37
FG5FAO-C95 22.05 6.26 33.29 17.24 48.69 4.99
FG10FAO-C90 23.99 8.55 28.47 4.46 33.71 9.31
FG15FAQO-C85 17.85 2.86 28.38 3.00 32.95 6.59
FG2GFAQ0-C80 19.78 6.02 24.98 4.16 29.1 4.67

FGO-FA25-C75 24.03 3.04 34.61 4.19 39.46 5.96
FG5FA25-C70 14.31 8.81 30.69 10.75 45.23 3.25
FG10FA25C65 | 12.61 8.80 21.53 3.02 30.41 17.07
FG15FA25C60 | 14.73 7.88 23.94 2.97 35.71 5.24
FG20FA25-C55 9.92 5.14 18.98 2.21 27.64 9.95

FGO-FA50-C50 16.71 3.71 29.46 5.47 34.88 10.61
FG5FAS50-C45 6.7 4.33 22.99 452 35.83 6.17
FG1GFA50-C40 8.55 3.39 17.38 6.90 37.18 10.09
FG15FA50-C35 7.18 3.06 17.09 5.97 34.96 4.06
FG2GFA50-C30 5.48 8.39 17.33 2.08 38.25 6.64
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Figure4-5  Specimens after failure: (a) F&GA50-C50; (b) FGEBFAO-C100; (c) FG5
FA25-C70; (d) FG1eFA0-C90; (e) FG18-A50-C35; (f) FG20FA50-C30

4.3.2 Effect of Curing Time

Figure4-6 shows the average compressive strength of specimens with varying amounts of
fly ash (FA) as a function of the gypsum content in the cementitious mater@.kars
represent the standard deviation above and below the average of the three identical test
specimensFigure4-6 (a) considers mixes with 0% FA and shows a treihdeareasing
compressive strength with increasing gypsum content at all ages. It also shows that

compressive strength gradually improved as the curing time increleisgnle 4-6 (b)
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considers mixes with 25% FA and shows a similar trenéigisre 4-6 (a) of decreasing
strength with increasing gypsum content at all ages, although ndistsguisted,
especially at day 90. There is a notably elevateda@0strength for mix ID: FGF25
C70, where the compressive strength was observed to be 15% lhighehe 25% FA
control mix (FGOF25-C75).In Figure4-6 (b), the strengthncreasebetween test days is
higher thann Figure4-6 (a), meaning the effect of curing time becomes more significant
with the addition of fly ashrigure4-6 (c) considersnixes with 50% FA and shows notably
higherstrength variability between test days, especially when comparinegdidng strength
to the 9@day strength. In this case, curing time had a very large impact on compressive
strength results. The increasingly largtrength differences in between test days with
increasing FA content indicates that incorporating fly ash retards the development of
compressive strength in concrete mixes. This is also evident by comparingdéye 7
strength inFigure4-6 (a) toFigure4-6 (b) and (c) where mixes containing 25% FA and
50% FA show consistently lav early strength, more noticeable kigure 4-6 (c) with
higher fly ash content. In other words, the effect of curing time has a less significant effect
on specimens without fly ash, and the significance of curing time increases by increasing
the fly ash content.

A distinctly different trend is observed ifrigure 4-6 (c) between the 9@ay
strengths. The-day and 2&lay strengths typically follow the previously identified trend
of decreasing stretiig with increasing gypsum content, however after curing for 90 days,
the compressive strength is similar for all 50% FA specimens. That is, increasing the
gypsum content fromdto 5, 10, 15 and 20%hows minimal effect otihe 9Gday strength

of concrete gecimenswith 50% fly ash contentin the cementitious material. When

70



comparing with the 50% FA control specimens containing no gypsum-iAG0-C50),
mixes with added gypsum actually developed consistently highda@@trength with up
to 20% gypsum conie. Remarkably, the highest average strength of all mixes containing
50% FA was the mix with 20% gypsum and only 30% cement as the cementitious material
(FG2GF50-C30). This mix showed a 10% strength increase from the 50% FA control mix
(FGO-FA50-C50), risng from 34.88 MPa to 38.25 MPa.

Figure4-7 was developed to compare mixes containing gypsum to each of the three
control mixes that do not contain gypsum; that isp#e=A control mix (FGEFA0-C100),
the 25% FA control mix (FGEFA25-C75) and 50% FA control mix (FGBA50-C50). The
average strength of the specimehgbvas divided by the applicable average strength of
the control specimens$ {Gontrol) and shown as a function of the gypsum contégure4-7
(a) shows that incorporating only gypsum as partial cement replacement is seen as a
disadvantage to the comgssive strength at all agésgure4-7 (b) shows that increasing
the gypsum content in mixes with 25% FA is also seen as a disadvantage, with the
exception of the prewusly identified 9@day strength of mix FGEA25-C70, which is
recognized as the graphs highest pdéagure 4-7 (c) highlights the positive reaction
between gypsum anFA, when FA is used at 50% replacement for cement in concrete
mixes and allowed to cure for 90 days. In this case, all mixes containing gypsum
outperformed the 50% FA control mix in terms of compressive strength, depi€tigdiie

4-7 (c) as the top line withcd ccbnti@ values above 1.
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4.3.3 Effect of Gypsum and Fly Ashon Physical Properties

In terms of workability, the gypsum content wasindto have a significant effect during
the mixing stage As previously mentioned, increasing amounts of superplasticizer were
needed as the gypsum content increased in order to keep the consistency abdityork
of fresh concrete similar to the control batch. Mixes containing 5% and 10% gypsum
maintained a relatively constant consistency throughout casting, however there was
evidence of @hemicalreaction occurring at 15% and 20% gypsum content. The@eact
caused the concrete in the mixer to Afalse
severely decreased workability. The surface of the concrete became very hard to the touch
and large portions of concrete stuck to the sides of the mixex.phleinomenon occurred
during a short period of time, typically after the mixer had been stopped for about a minute
and the first or second specimen was being cast (out of 9 specimens per batch).
Considerable effort was required to then loosen the hardemetete and remove it from
the sides of the mixer. It is interesting to note that once the concrete was loosened after the
false set, the workability improved, allowing the researcher to cast and tamp the remaining
specimens. This false set reaction waticeable for all mixes containing at least 15%
gypsum; however, it was more severe and harder to regain workability in mixes with 20%
gypsum content. For this reason, no specimens containing more than 20% gypsum were
fabricated.

All specimens were weighleon day 5 after being removed from the molds, and the
results shown ifrigure4-8 are averaged from all nine specimens of each concrete mix. It
was detected that fly aas dower density in concrete mixes when compared to cement,

as the specimens with 25% FA and 50% FA show a decreased weight in comparison to the
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average weight of the 0% FA control specimassseen ifrigure4-8. For mixes with 25%

FA and 50% FA, a generally downward treaabservedvith increasing gypsum content

from the control mix weight. Thisndicatesthat gypsum also has lawer density in
concrete mixes when compared to cement. Three specimens per concrete mix were also
weighed after curing for 28 and 90 days, confirming that specimens with increased fly ash
and gypsum content typically show decreased weight in comparison toottel
specimens, especially at later ages. As expected, the largest weight decrease from the

control specimens was mix FGEA50-C30 at day 90decreasing.4%.

g 1
=
£ 0% FA
S o
Q 4
&
= 25% FA
g -1 e
c
o
[T}
£ 2
o -2 4
E \50% FA
o
[:F]
L
0 5 10 15 20

Gypsum Content in Cementitious Material (%)
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In the literature, research has shown that adding even small amounts of gypsum to
concrete can cause expansfblaik et al 2010).Digital calipers were used to measure the
diameter of cylinderdy marking three diérent diameters on the specimens and re
measuring the same lines to detect any changes. Three specimens from each concrete mix
were measured on day 5 and on day 90, however it was chosen to measure only four mixes
periodically: the control mix (FGEAO-C100), and all specimens with 20% gypsum

content (FG2@FAO0-C80, FG26FA25-C55, FG20FA50-C30). Based on the
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measurements, no expansion was observed when comparing to the original diameters
measured. If any diameter change did occur in the specimens, iewa@sdhthe accuracy

of the caliperslt is recommended that the expansion of cylinders be measured using a
more precise measuring tablat is able to accurately evaluate both length and diameter

change.

434 StressStrain Behaviour

Axial and lateral strain dataas collected for all specimens tested on-8@yThe axial
stressstrain behaviour is presentedHigure4-9, separated into each of the three groups:

a) 0% FA; b) 3% FA; and c) 50% FAThe vertical axis shows the compressive strength

in MPa, and the horizontal axis shows the strain in increments of 0.003 mm/mm.
Expectantly, all curves depict typical stresgain behaviour for concrete with slight
variations between specimens. The peak strain behaviour between specimens is analyzed
further in the following sectiont is believed that substantial error occurveden lateral

strain data was collected, rendering data unreliable and unusable for multiple specimens.
Due to the high sensitivity of LPs, any small misalignment would cause the lateral LPs
(placed perpendicular to the specimens rounded side) to slidbamp sindesirable
movements during testing. The misalignment may be caused by spalling of the concrete
surface during testing, or by human error during setup if LP was not placed perfectly
perpendicular to the rounded surface. The faulty lateral datztealleften showed major
inconsistencies between identical specimens, including large jumps in strain with minimal
stress increase. Lateral stain data is thereforeinobdded in this chapter, owever
representative graglincluding stress and straidatafor both lateral and axialirections

arefound in Appendix Ataken from tests where error/inconsistemags notobserved
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Table4-3 presents a summary of the da peak compressive strength)j axial
strain at peakédc), and the elastic modulukd), determined based on methods from both
CSA (Canadian Standards Association (CSA) 2087 ASTM(ASTM 2019)standards.
The CSA standard uses the equalidbn T v T iR to calculate the modulus of eticity
for normal density concrete. The ASTM standard uses a customary working stress range
from 0-40% of ultimate concrete strength to calculate the modulus of elasticity based on
the stress to strain ratio value. The difference between the methodsws ishthe last
column by dividing'O ] O for each specimen group, including the average
difference and standard deviation (SD) between CSA and ASTM methods. The coefficient

of variation was calculated to be 12.21%.

Table4-3 Summary ofxial stressstrain andelasticmodulus

Specimen Group| f'c € EccsA | Ecastm | Ecastu
ID (MPa) (mm/mm) (MPa) (MPa) Eccsa
FGO-FA0-C100 | 50.05 0.00251 31,822 | 31,222 0.98
FG5FA0-C95 48.69 0.00250 31,395 | 32,903 1.05
FG10FAO-C90 | 33.71 0.00256 26,108 | 24,354 0.93
FG15FAO0-C85 | 32.95 0.00225 25,821 | 32,727 1.27
FG2GFAO0-C80 | 29.10 0.00294 24,273 | 21,973 0.91
FGOFA25C75 | 39.46 0.00206 28,260 | 30,629 1.08
FG5FA25C70 | 45.23 0.00198 30,260 | 33,811 1.12
FG10FA25C65 | 30.41 0.00259 24,758 | 21,864 0.88
FG15FA25-C60 | 35.71 0.00259 26,887 | 23,410 0.87
FG20FA25C55 | 27.64 0.00281 23,637 | 18,177 0.77
FGOFA50-C50 | 34.88 0.00222 26,552 | 29,106 1.10
FG5FA50-C45 | 35.83 0.00185 26,927 | 25,892 0.96
FG10FA50-C40 | 37.18 0.00248 27,417 | 27,206 0.99
FG15FA50-C35 | 34.96 0.00245 26,605 | 26,412 0.99
FG20FA50-C30 | 38.25 0.00230 27,820 | 26,300 0.95
Average: 0.99
SD: 0.12
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Figure4-10 shows the axial strain at peak load of specimens as a function of the
gypsum content in the cementitious material, including error bars representing the standard
deviation of the three identitspecimens. There is noticeable overlap of standard deviation
between most specimens which indicates comparable results, with no obvious trend
observed. The variability causing high standard deviations can be described by the
unavoidable inconsistencibgtween identical concrete specimens during mixing, as well

as possible discrepancies of the LPs during testing.
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Figure4-10 Axial strain at peak with varying gypsum content

4.3.5 Statistical Evaluations

An analysis of variance (ANOVA) is commonly performed to analyze factors that may
affectadata set. ANOVA compares the variance caused by the betyveeps variability
(mean square effect MSsec) With the withingroup variability(mean guare error or
MSaror) by means of the -Eest. The Fvalue is calculated from the analysis results as
follows:™O 0 Y jO Y . This Fvalue is compared to the criticatvialue (Fit)

that is extracted from statistical tables basechemtimber of degrees of freedom. The null

hypothesis states that the means are equal, and the alternate hypotheses states that they are
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not. If the Fvalue exceedsch, the null hypothesis is rejected and indicates a statistically
significant result deeed unlikely to have occurred by chance. dfi Exceeds the+alue,

the null hypothesis is assumed to be true or accepted, indicating a statistically non
significant result. For all statistical evaluations in this study, a confidence level of 95% was
usa (significance level of 5% or 0.05).

In terms of the compressive strength of specimens after curing for 90 days, ANOVA
single factor analysis was used in Microsoft Excel with data from three identical specimens
to compare two parameters separately, narteygypsum content and the fly ash (FA)
content. The results are summarized able4-4. When considering specimens with 0%
and 25% FA, the gypsum content in the cetiti®eus material showed a significant effect
on the compressive strength (Fzit), rejecting the null hypothesis. Alternatively, the
analysis showed that gypsum content had asigmificant effect on strength of specimens
with 50% FA (F<Fcit). When onsidering specimens with 0, 5 and 20% gypsum, the
variation of FA content showed a significant effect on the compressive strength. However,
the results for specimens with 10% and 15% gypsum indicated that the FA content did not
have a significant effectrothe 90day strength.

In terms of the axial strain at peak load, it is concluded that the effect gypsum content
is nonsignificant (F<Fcrit) on the axial strain at peak for all three FA groups at a 95%
confidence level, and the null hypothesis is acakpf¢hen the source of variation is FA
content, all specimens with15% gypsum showed that the axial strain at peak load was
not significantly affected. Specimens with 20% gypslsoshowedsignificant effects of
FA contenton the strain at peak (F&it), however the fvalue and kit are similar,

indicating a less reliable resultable4-4 also shows the summary of results from ANOVA
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single factor analysis used tompare the elastic modulus obtained by methods from CSA

and ASTM standardd.he significance is indicated in the last columnusBy and O NSO
for a significantand nonsignificant result, respectivelylhe results indicate that the

method type used ha norsignificant effect on the outcome of the elastic modulus.

Table4-4 Results of ANOVA Ftest evaluations
Evaluated | Range of datafor Source of | - | Feo | Sianifi
Parameter specimens variation value ort 'ghiticance
With 0% FA Gypsum conten| 39.51 3.47 S
With 25% FA Gypsum conten| 16.27 3.47 S
With 50% FA Gypsum conten| 0.78 3.47 NS
comPpergl;sive With 0% gypsum FA content 16.62 5.14 S
strength With 5% gypsum FA content 30.72 5.14 S
With 10%gypsum FA content 2.03 5.14 NS
With 15% gypsum FA content 1.8 5.14 NS
With 20% gypsum|  FA content 18.75 5.14 S
With 0% FA Gypsum conten{ 1.98 3.47 NS
With 25% FA Gypsum conten| 2.77 3.47 NS
With 50% FA Gypsum conten| 1.61 3.47 NS
Axial strain | With 0% gypsum FA content 0.92 5.14 NS
atpeak | With 5% gypsum FA content 3.76 5.14 NS
With 10% gypsum FA content 0.06 5.14 NS
With 15% gypsum FA content 0.81 5.14 NS
With 20% gypsum FA content 5.25 5.14 S
ME;?j?JtIISs All specimens Csﬁn\é?h'ggTM 0.02 4.2 NS
4.4  APPLICATION AND FUTURE RESEARCH

It should be mentioned that this study does not adhere to the standard composition
requirements for sulfur trioxide&sQs), according to th&STM Standard Specification for
Portland Cemen€150/C150M(ASTM 2015) The standard references a maximum of

3.5% SQ for general use concrete. An analysis of the major elementslbyratie fusion
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was done on the recycled fine gypsum matesaowing anSQOz; contentof 44.65%.
Considering the cement already contains sufficient calcium sulfate activators (such as
gypsum) any additional gypsum will exceed this limit. This stuglyows that having
elevated gypsum content in concrete is feashmeyever it is stl in the initial stages of
research and the complete mechanism and impacts are not fully understood. Therefore,
appropriate caution should be exercised and/or additional testing done before application.
Using this type of concrete mix has several positispects, although appropriate concerns

are still present. Some general advantages and disadvantages for using recycled gypsum in

concrete are summarized here:

4.4.1  Advantages

The main advantage ofsing recycled gypsum in concregethe positive environmenta
impact. Girrbon emissionare reducediue tothe reduced demand for cemeaarbduction

by using a recycled material. In addition, partially replacing cement flyitash an
industrial byproduct, reduces the demand on virgin materials and lowers thd oaeoan
footprint. Fly ashis less expensive than Portland cementarghdyused in many concrete
applications showing apositive relationship with gypsum powder in concrdteis
presumed thatontractorswould be much more motivated to recycle gypsum from
demolition projects if they had a direct use for mhaterialin concretamixes potentially
giving reason tadevelopmore gypsum recycling facilies Thesefacilities could also
export to other indugers that use recycled gypsum, including the previously mentioned
agriculture/farming, as well dsr architecturdhrtistic applications, medical casts, drugs,
toothpastegcosmetics, and even as a food addi{@eatton and Beaudoin 2010) (Mentzer

2018) (Grpsum Association 2019).
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Increasing gypsum recycling wouddso help keep the material out of landfills,
where itcan bedangerousThe sulfate (S&) portion of gypsum is particularly harmful
when it gets wet and is dissolved into the leachates, concgigabtaminating nearby
water suppliegGratton and Beaudoin 2010) (Government of Canada 2Q@2chate
analysis done by Zhang et §017)proved that increasing the percentage of gypsum
wallboard in landfills positively correlates to increasing sulfeleels. Sulfide is capable
of forming harmful complexes with other metals or debris in landfills, and human exposure
to hydrogen sulfide gas has been known to cause serious health @Hfeaiton and
Beaudoin 2010) (Construction and Demolition Recyclisgdciation 2019)he variation
of gypsum content showed a nsignificant effect on the axial strain at peak load for all
specimens, according to ANOVA single factor analySisally, using recycled gypsum in
concreteis aitable for applications whereidh early strength of concrete is nat

requirenent

4.4.2 Disadvantages

Replacing cement with as little as 5% gypsum dehydrates concrete mixes and decreases
the workability, which can be mitigated with the use of superplasticizer. A sudden and
severe reducton n wor kability, referred to %s a Af
and 20% gypsum content. In addition, when only gypsum partially replaces cement in
concrete mixes, reduced strength is observed at all ages in comparison to the control mix.
Therefoe, fly ash should also be incorporated when recycled gypsum is used in concrete.

As mentioned, using fly ash in concreteows low early strength amequires more time

for strength developmérExpansion of concrete containing gypsum has been of concern

to previous researchers, reporting noticeable changes in diameter and length measurements
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(Naik et al. 2010). However, this research has found no significant diameter changes to the

accuracy of the measurement tools available (digital calipers and lateroaneter).

4.4.3 Future Research

The results of this study will be used to contimasearch evaluating théurability of
specimens byexposing them to various environmental conditions after curing. The
conditions considered include dry, submerged in freslenwvatibmerged in salt (ocean)

water, and dry/wet cycles in both fresh aadwater.

4.5 CONCLUSIONS

In this study, the effect of gypsum and fly ash as partial replacement for cement in concrete
was experimentally studied. Fifteen different batches of camonetre prepared by
replacing Portland cement with 0, 5, 10, 15, and 20% gypsum, and 0, 25, and 50% fly ash.
Three identical cylindrical specimens from each batch were tested for compressive strength
after moist curing for 7, 28 and 90 days. Based on ttmomes of the study, the following
conclusions can be drawn:

1 The positive relationship of fly ash and gypsum powder in concrete was highlighted
by showing that either material combined with cement alone had inferior compressive
strength, however when mixembether, a strength increase was observed at later ages.

1 The effect of curing time is highly significant; results show thixes containing fly
ash ad gypsum areslower to develop compressisgength than the 0% FA control
mix containing only cemenéfter 90 days, mix FG&A25-C70 showed 15% higher

strength than the 25% FA control mix.
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1 The most noteworthy conclusion considers mo@saining 50%-A. In this group,
all mixes containing gypsum actually showed higher compressive strength than the
50% FA control mix after curing for 90 days. The highest strength was surprisingly
the mix containing 20% gypsum, showing a 10% strength increase from the 50% FA
control mix. This is appealing for projects aiming to be environmentally friendly and

where hgh early strength is not a principle requirement.
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CHAPTER 5 DURABILITY OF CONCRETE WITH FLY ASH AND
GYPSUM AS SUPPLEMENTARY CEMENTING
MATERIALS?

ABSTRACT

To addresghe negative contribution of cement production on global carbon emissions, this
study aims to reduce the cement contgmically required in concrete using partial
replacementby more environmentally consciousnd sustainablematerials In this
experimental study, cement is partially replaced by weight with recycled gypsum powder
(15%) and fly ash (50%)he durabilitywas determineddy exposing concrete specimens

to various environmental conditions and testing for compressive stredg0dt3000 and

5000 hoursFive conditions were considered for specimen exposure, all maintained at
room temperatureThese conditionsinclude dry (control), submerged in fresh water,
submerged in seawatésaltwater) and two groups rotated weekbhetwea dry and
submerged in either fresh water @asater.All concrete specimen groups continued to
develop strength throughout the exposure periods, although the dry (control) specimens
showed tle smallest strength increase (16.9%) between 1000 and 5006 Spa&cimens

in both fresh water conditions showed inferior compressive strength compared to the
control condition at 1000 hours, however ultimately developed-8000 strength higher

than control specimens, increased by 23.3% for specimens submergeshiwéater and
10.2% fors p e c i sulgettdadfresh water wet/dry cycl&pecimensn both awater
conditions showed continually higheompressivestrength than the control specimens at

all ages. Specimens submerged eéansater showed strength approxately 20% higher

3 This chapter will be submitted as a manuscript to a journal
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than control specimens at all test ages. Specimens exjposetting and drying cycles in
seavater showed the largest effect of exposure duratiprcontinuously increasing
strength throughout all duration peripdstaining strength40.1% and 53.4% higher &#n
controlat 3000 and 5000 hours, respectivéijter 5000 hours, the lowest strength was
observed in contrdldry) specimens (35.03 MPa) and the largest strength was observed in
specimens in wet/dryeswater condition (53.73 MPaResults indicate thahe concrete

mix is considered durable, as strength was not adversely affectedpbgureto the

conditions considered.

51 INTRODUCTION

The production of Portland cement causes negative environmental impacts by releasing
large amounts afarbon dioxide (Cg) into the atmospherand appropriatelynany efforts

are being made to reduce the cement negdedncretgNaik et al. 2010JRaghavendra
and Udayashankar 2015) (Nguyen et al. 2068psum drywalls are extensively used in
the building industry, andare correspondingly a major source cbnstruction and
demolitionwastethat must be disposed. @ypsum waste can be effectively recycled, but
at the present time it appears thiagre isa lack of motivation to do s@ndit is often
improperly disposed of in landfill&Construction and Demolition Recycling Association
2019) (Antunes et al. 2009Disposing of gypsum waste in landfills with other organics
and waste materials is likely tagger adverse chemical reactions in wet environments,
responsible for harmful effects to surrounding air and groundwater qiskiik et al.
2010) (Raghavendra and Udayashankar 2015) (Gratton and Beaudoin 20109
recycled gypsum waste as a suppletagncementing materiédsCM) reduces the demand

for producing virgin materials (cemenggaves precious landfill spacesidkeeps landfill
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sites unharmedn previous studiesonsidering gypsum in the cementitious material, it
was identified that the irecporation of fly ash significantly improves the performance of
concrete(Hansen and Sadeghian 2020) (Naik et al. 20t@)as been established that
gypsum is essential in the production of Portland cementmonlyused as a set regulator
at approximatet 3-5% by weight (Naik et al. 2010) (Sharpe and Cork 2006). It is also
reported that recycled gypsum can perform the same function in Portland cement
(Chandara et al. 20). However, using large amowwmf gypsumhas been reported to
cause large expansigrandin some casesurface crackingHigh gypsum content caaiso
cause a o0false setd6 in fresh concrete mix
formation of large crystals of gypsum (Mehta and Monteiro 2044 et al. 2010§Chun
et al. 2008)When the false set is recognized, it can be disrupted by further m®ypgum
content in cement is currently limited by the ASTM Standard Specification for Portland
Cement C150/150M (2015), which limits the $S€ontent to 3.5%.Gypsum has a
particulary high SQ content, so amounts above those typically used in cement will exceed
this limit (Mehta and Monteiro 2014¥or this reason, research considering cement with
high amounts of gypsum is infrequently studied, howeveretierimental research was
designedo challenge thlimit by goingoutside theacceptedOs range

A handful of current studies exist using elevated gypsum in condestenstrating
promising results on the shddrm behaviour of concrete containing recycled gypsum.
However present literature available dasst consider longerm durability inany similar
conditionsto thoseselected for this study. Mohammed and Safiullah (2018) state that
gypsum over the ordinary dosage may have long term negative consequences affecting the

durability of concrete, potentially causing substantial damage. These researchers studied
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the effect of various amounts of gypsum (up to 9%) on properties of an Algerian Portland
cement, and concluded gypsum content was optimized at 5.5%, which is adouerémt
recommended valu&pecimens were placed in a water bath to monitor for expansion, and
results showed thagypsum contents above 7% yielded excessive swelling in water after
28 days (above 0.12 mm/nQther poperties of concrete including compséve strength,
water demand, setting time, heat of hydratemmddrying shrinkagevere all analyzed up
to a maximum of 28 days, however no durability measures were studied (Mohammed and
Safiullah 2018). Raghavendra and Udayashankar (2015) studied lszhtool strength
materials using fly ash and waste gypsum wallboards, but only showed strength
development up to 56 days and also did not monitor any durability parameters. Antunes et
al. (2019) used gypsum from construction and demolition waste asal fiagtiaggregate
(sand) replacement in Portland cement mortar. They reported that acceptable compressive
and flexural strengths can be accomplished when up to 30% ground gypsum waste is
included in the aggregate portion, although once again, durabity@taconsidered. Naik
et al. (2010) studied concrete with up to 20% recycled gypsum and up to 60% fly as partial
cement replacement. The study revealed promising results, indicating that gypsum could
be used as a supplementary cementing material up towkight replacement without
adversely affecting the properties of concrete, with fly ash included in the SCM. The
durability of specimens was tested based on length change and sulfate resistance up to 140
days, generally indicating inferior durability withcreased gypsum content in comparison
the control mix (Naik et al. 2010).

Durability of concrete is generally considered as its ability to resist the influences

and effects of the environment, while performing its desired fundfiboff 1991).
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Concrete is inherently resistant to serious deterioration from water, unlike other
fundamental building materials such as wood and steel, making it an ideal building material
for structures aiming to transport, store or restrain water. Its historical use by Romans
agueducts and waterfront retaining walls is well known, and its application has translated
it into a common construction material for dams, caissons, canal linings and other waterside
structures (Mehta and Monteiro 201¥henexcessive concrete shrirgeor expansion
occur, the likelihood of infiltrating damaging substances is substantially increased.
Accordingly, concrete wrability is often considered in terms thfe volume (or length)
change.

The volume of concrete begins to change immediately apotact with water, and
a reasonable level of drying shrinkage is expkcBmall amounts of expansion are also
expected in concrete specimensd subject to
wetting and shrinkage occurs during drying. Howevelis igjenerally understood that
excessive volume changes can cause cracking and potential loss of strengthar@livia
Nikraz (2011) reported that incorporating fly ash in cement blends produces less expansion
and drying shrinkage. Volume changes are oftemnitored by length change, and
ordinarily range from about 0.00%dto 0.1% in concrete which is equivalent to a
maximum of 1 mm per 1 mPprtland Cement Associatid?001). Based on literature
reviews, average length change values and values causingideteexpansion can vary
considerably between researchers based on many conditions. However, it is generally
understood that length changes above approximately 0.04% are significant enough to have
damaging effectoften consistent with visible cracking ¢ime concrete surface (Naik et

al. 2010) (Chun et al. 2008) (Hanhan 2004) (Shehata and Thomas 2000).
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Supplementary cementing materials are commonly used to reduce the amount of
cement required in concrete mix@snong the most common of these materials is fly ash,
which has been thoroughly studied and is regularly used in the construction industry. Fly
ash is a byproduct of coafired power plants and when incorporated in cement, it
exemplifies industrial ecolgg because it reduces the environmental impact of two
industries by integrating them together (Mehta and Monteiro 2014). Using fly ash in
concrete is not only environmentally friendly, but it also reduces costs without sacrificing
strength (Islam and Isla@013). In fact, improved strength and durability characteristics
have been reported by many researchers using fly ash, often identifying gypsum as an
essential activator to promote strength development with fly ash. Although, it is well
known in the concite industry that cements blended with fly ash are slower to develop
strength(Mehta and Monteiro 2014) (Marlay 201(Buvvadi and Moghal 2011) (Wu and
Naik 2002) (Aimin and Sarkar 1991).

Aimin and Sarkar (1991) investigateldet compressive strength of rteor cubes
with fly ashreplacing cement at 30% and 60%, considered asvalyime fly ash (HVFA),
and added gypsum (not recycletiheyconcludedhatthe addition of 3% and 6% gypsum
was beneficial to 28lay strength, although higher early strength wasented in
specimens without gypsum. It was hypothesized that gypsum is not a fully effective
activator until it reaches dissolved state. Puvvadi and Moghal (2011) also report that the
hydration of fly ash is better in the presence of small amounts of gy{i®é), determined
to increase compressive strength at any lime content. These researchers also investigated
the effect of soaking, and repeated wetting and drying cycles after curing. Soaking

specimens showed a general reduction in strength, howevempanattng gypsum
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minimized the strength loss from soaking. The strength loss from repeated cycles of
wetting and drying was minimal for all specimensdit is interesting to note that the
strength showed a slight increasih the presence of gypsum. Thssattributed to the
development of cementitious complexes during the wetting and drying cyales{and

Moghal 2011).

The durability and strength characteristics of concrete made with a blended cement
including Class F fly ash ka been studied extsively by Islam and Islam (2013)
indicatingthe compressive strength of all mixes containing up to 50% fly ash were higher
than the control mixafter 90 daysThis research revealed an optimal fly ash content of
30%, showing higher tensile and compressivength than the control mix. Additionally,
the study revealed that incorporating fly asleamcrete up téhe optimum valueachieves
higher resistance against water permeability and can effectively reduce the corrosion of the
internal steel reinforcené¢ in comparison to the ordinary Portland cement (isbam and

Islam 2013)

Early deterioration of concrete structures is common in marine environments
exposed to seawater. This is primarily due to the corrosion of reinforcing steel, which
occurs at a pHbelow 11. The pH value of seawater varies between 7.4 and 8.4, therefor
impermeability is essential, and the cement must supply alkalinity in severe environments
(Gani 1997. The longterm durability is therefore dependent upon the protection of the
intemal reinforcing steel. A passive layer with high pH from the cement is formed on the
surface of steel and breaking down this layer by carbonation results in corrosion (Law et
al. 2014).Chloride, magnesium, sodium, calcium and potassium are among theyprima

chemical constituent of seawat&éhe main mode of attack on concrete is crystallisation
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due to the reaction of magnesium sulphatdsich is followed by the disintegration of
concrete and eventual structural faillugsing proper concrete mix designdeconstruction
procedures, engineers are able to produce dense and impermeable concrete with sufficient
cover to resist the attack of seawater on internal reinforcements (Wegian 2010).
Incorporating fly ash in cements has been beneficial in wet enviroantéohcrete
mixtures containing blended cements with fly ash and Hilestce slag (geopolymer
concretes) are well known for long term durability to sulfate and seawater attack in Europe
and North America (Mehta and Monteiro 2014). Carbonation testingyet al. (2014)
indicated that geopolymer concrete has an ihjtikwer pH, but becomes higher than
ordinary Portland cement after carbonation, and aecordingly provide necessary

protection of reinforcing steel.

A study by Wegian (2010) considerdttde types of concrete mixing and curing
conditions: mixed and cured in fresh water (contmi)ed with fresh water and cured in
seawaterandmixed and cured in seawatdihefirst two conditions arenost relevant, as
they also considered in the present stu@pecimens mixed and cured in freshwater
developedcompressive strength up to 28 days, however strength was decreased after 90
days. Specimenmixed with fresh water and cured in seawasbiowed increased
compressivetsength developmentp to 14 days as compared to the controlhis group,
therate of strength gain decreakat ages over 28 dayand some specimeegperienced
a strengtlossbetween 28 and 90 dagd/egian 2010)Water sources are important for
proper concrete hydration, however almost all deteriorative mechanisms responsible for
concrete degradation result from external water exposure. Water is required to transport

aggressive substancksown tocause deleterious reactions in concrete and corragion
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embedded steel, and abrasion is more severe in the presence of water (Hover 2011). Zhang
et al. (2012) reported that one of the most aggressive environmental conditions suffered by

concrete is drying and wetting cycles.

Using recycled gypsum and fly ash in concrete provides a safe and sustainable
alternative use for these waste materials, ultimately lowering the environmental footprint
of concrete productiorDurability to repeated wetting and drying cycles is important f
the construction of road embankments, geotechnical applications below water line, and in
marine environments. It would be greatly beneficial to develop a durable concrete
incorporating waste materials which maintains stredgting prolongedexposured salt
and fresh waterThe presented research aims to study the durability of conloyete
monitoring compressive strength after exposure to certain environmental conditions that
are common to concret€his provides aralternativemethod ofconcretedurablity testing
thathas notpreviouslybeen considered bygsearches usinggypsum waste and fly ash as

SCMs.

52 EXPERIMENTAL PROGRAM

The experimental program was carried out to test the durability of a selected concrete mix
when exposed to various conditidmgcomparing compressivarength After curingin a

moist roomfor 28 days, specimens endured exposure periods of either 1000, 3000 or 5000
hours.The five conditions considered include dry, submerged in fresh water, submerged
in seawater (saltwatend weekly wet/dry cycles in both fresh andeavater. These
exposure conditions were chosen to simulate some of the situations that deec@teed

to in valious environments.
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Thestudyconsisted ofive batches of the same concret&, containingl5% fine
gypsum, 50% fly ash and 35% Portland cement, by weiljlis ratio of cementitious
materials was selectduhsed on previous researffiansen and Sadeghi@®20 as a
representative mix due to its considerably high gypsum and fly ash cortientater to
cement ratio (W/C) was kept @48 in all mixes,including the liquid proportion from the
superplasticizer (SPWwhich wasusedin each mix to maintain aadequate level of
workability of fresh concreteEach batch provided enough concrete to prepare
cylindrical specimens, so a total of 45 concrete specimere preparedThe mix

proportions useébr concrete are displayed frable5-1.

Table5-1 Mix proportions for specimens tested for durability

Material Quantity (for 1 m?9)
Water () 188
Fine Aggregate (kg) 575
CoarseAggregate (kg) 1184
Gypsum (kg) 59
Fly Ash (kg) 198
Cement (kg) 138
Superplasticize(% of water) 1.2

5.2.1 Material Properties

Type GU Portlandcement was used in all concrete mixes (CRH Canada Group, ON,
Canada). The bituminous coal fly ash was donated from a local contractor (Ocean
Contractors, Halifax, NS, Canadd).he super pl asticizer wused w;
range water reducing admixaudonated by Euclid Chemical (Dartmouth, NS, Canada).
Another local business (Casey Metro, Halifax, NS, Canada) supplied the coarse and fine

aggregate, and both materials follow the specifications identified in ASTM C33/C33M
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(2018). The coarse aggregaed aconsiderably small average moisture con{erit2%9

and was therefore used iniaondition in the concrete mixes. The fine aggreglatsved

an average moisture content of 3.3%¥dwas overdried and allowed to cool before use.

The gypsum powdelso showed a significantly high average moisture content of 18.29%,

so it was also ovedried before use. Fine aggregate and gypsum powder were stored in
airtight containersluring any periodsfter dryingand before usdo keep the materials

from absorlmg any humidity.The gypsum material was supplied by a drywall recycling
company, which processed drywall waste material into piwitbssizes ranging from 1/8

in (3.175 mm) to dust (USA Gypsum, Denver, PA, USA). When a sieve analysis was
conductedon the original gypsum material from the recycling compaagcording to

ASTM C136/C136M (2015)t was found to have a particle size distribution more similar

to sand than to Portland cemdreferring back taFigure 3-1). During the same sieve
analysis, bunches of fibre like particles wirend to cluster together on sieves larger than

the No. 100 sieve (0.149 mm openinghese particlelusterswere previously discussed

in Chapter 3, and photos of various sieves retaining gypsum and these clusters are shown
in Figure3-2. Rather than using this irregular and coarse recycled gypsum material, only
the6f i ne gypsumd powder was used as a partia
with all particles passing sieve No. 50 (0.3 mFRigure5-1 shows a photo comparing the

fine gypsum used istudy to the coarse gypsu¢mcluding particle clusterswhichwas

discarded.
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Figure5-1  Comparison of fine and coarse gypsum material

The particle size analysi®r both coarse (original) and fine (sieved) gypsum
material, fly ash, Portland cement, and samadpreviously reported i€hapter 4AFigure
4-2). The particle sizes were evaluated using laser diffractieasuremertechnique®n
a Mastersizer 3000 mhaime in the Department of Mining Engineering at Dalhousie
University. Using this measuremesytstem a laser beam is pasdegla group of particles
and the angle and intensity of light scatter is analyReadalytical 2020)The angle of light
scattering shows an inversely proportional relationship with particle size, meaning small
angles relative to the incident light indicate large particles and larger angles indicate
smaller particle sizATA Scientific Instruments 2018)

To compare and identify the chemical elements of each of the materials used in the
cementitious portion of mixesnanalysis on the major elemeats oxidesvas conducted
using the lithiumtetraboratéLi-borate)fusion technige. This was also conducted in the
Department of Mining Engineering at Dalhousie University, and the results are shown in
Table5-2. The nomenclature for each compound name can be found in the Abbreviations

section ASTM C150/150M (2015) presents theStandard Specification for Portland
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cement, including standard composition requirements. According to the standard, the
cement used in ik research adheres to all requirements for Type | cement except for the
requirement regarding theaximum loss of ignition. The standard states that loss of
ignition should be below 3% when limestone is not an ingredient, however the results
presented indate that the loss of ignition of the cement used was 7.28%M C618
(2017)presents the standard specificationusingcoal fly ash and raw or calcined natural
pozzolas in concrete. According to the chemicampositionrequirements presented in

thespecification, the fly ash used confortosall requirements

Table5-2 Major oxides or elements in fly ash, cement and fine gypsum
Oxide or Element | Units Fly Ash Cement Fine Gypsum
Al20s3 Wt. % 20.87 4.00 0.77
BaO Wt. % 0.09 0.02 <0.01
CaO Wt. % 1.44 59.88 32.05
Cr20s Wt. % 0.02 0.01 <0.01
FeOs Wt. % 6.55 2.34 0.35
K20 Wt. % 2.30 0.80 0.18
MgO Wt. % 1.84 2.21 0.71
MnO Wt. % 0.09 0.05 0.02
N&aO Wt. % 1.06 0.17 0.05
P20s Wt. % 0.15 0.10 0.03
SiOz Wt. % 59.39 19.54 3.80
S (as SG) Wt. % 1.24 3.29 44.65
SrO Wt. % 0.04 0.09 0.07
TiO2 Wt. % 0.92 0.20 0.06
V205 Wt. % 0.94 0.01 <0.01
ZrO, Wt. % 0.02 0.02 <0.01
LOI (100C°C) Wt. % 2.96 7.21 17.30
Total Wt. % 99.94 99.93 100.04
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The seawateused for the experiment was drawn from the Atlantic Ocean at the
Halifax harbour waterfront, and the fresh water was taken from the tap, which is sourced
from theHalifax municipal water supplyWater waskept in sealed plastic buckets at room
temperaturdapproximately 22 °Clluring exposuréimes.To obtain 28day compressive
strength of 35 MPa in neair-entrained concrete, the corresponding water to cement ratio

is reported to be 0.48 by weight (ACI 2000), which is accordingly used iredearch.

5.2.1.1  Scanning Electron Microscopy

In order to gain a better understanding of the microstructure of the cementing materials
being used, a scanning electron microed®@EM) was used to analyzbe shape, texture
and patrticle sizef fine (powdered) material SEMs use electrons with high energy in a
focused beam to interact with atoms while scanning the surface of solid material particles.
This generates a variety of signals containing information that reveals the eksntiple
interactions, giving the ability to view particles less than 1 nm (Amidon et al. 2017).

Two general sizeof gypsum powder wreanalyzed with SEMcoarse and fine.
The coarse gypsum material wased asupplied directly from a drywall recyclévhen
it was previously put through a sieve analysis, bunches of-likemematerial were
identified likely contairing paper or other undesirable material particles, so this material
was not used in the concretexes Gypsum material retained on thN®. 100 sievg0.149
mm opening), No200 sievg0.074 mm openingpnd in the trayfter sieve analysiwas
considered as the fine gypspyand wasused in theconcrete mixesThe other materials
analyzedwvere Portland cement and fly ash.

The SEM technique first requsesmall (milligram) quantities of material to be

coated in epoxyEach powder was placed in circular moldacks)approximately20 mm
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in diameter, and awo-componentepoxy was lightly mixedin with the powder.
Subsequently, the specimens were placed in a pressure sealed curing container for two days
to hardenFigure5-2 (a) shows the moldstaf mixing epoxywith each of the four powder
samples, andrigure 5-2 (b) shows the specimens curingfter specimens were fully
hardenedthe bottoms wre polished to expose a random cross secliba.cured and
polished specimens were taken to the Scientific Imaging Suite in the Biology department
at Dalhousie University to be gold plated. A gold sputtering of about 20 nm was applied to
the polished sid of each circular specimen. The specimens were then carefully transported
to the lab with the SEM and camera apparatus, ensuring not to scrape or scuffthe gold

plated end.

Figure5-2 Epoxy puckswith powder materials during (a) preparation; (b) curing

Selected SEM photoare depictedat various magnificationin the following
figures showing each individual microstructure. In certain SEM images, rectangular dotted
boxes are attached to arrquegpresennga section of the image that is enlarged in another
image, indicated by the pointing arroligure5-3 shows the fine gypsum particl@sss
than 0.3 mm)highlighting a dense pore structure surroundirgcagnizable solidircular

shape. Figure 5-4 shows the coarse gypsum particles, exhibititvgo distinct
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configurationsFigure5-4 (a) stowsbunches of densely packed pores surrounding a more
solid surfaceand Figure 5-4 (b) shows gparticularly different formationresembling a
crystallire structure The SEM images of Portland cement particlessta@vnin Figure

5-5. These particlesalso showdensely connected pores surrounding a solid surface, as
previously identified in the gypsum particles. The microstructure of fly ash particles is
noticeably different, displayed Figure5-6, wheresolidrounded almost sphericathapes

are noticedIt seems as thougihesebeadlike grains are being surrounded by smaller

interconnected particles that are fdly adheringto the grains.

5.0kV 11.8mm x1.00k SEIUY 50.0um 5.0kV 11.9mm x2.50k SEfUY

e @

Figure5-3 Finegypsum particles under SEM magnified at: (a) 1000x (b) 2500x (c)
10,000x (d) 3000x
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Figure5-4  Coarse gypsum particles under SEM magnified atl@apx; (b) 2500x;
(c) 2500x; (d) 10,000x
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Figure5-5  Portland cement particles under SEM magnified at: (a) 1000x; (b) 2500x;
(c) 10,000x; (d) 10,000x
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Figure5-6  Fly ash particles under SEM magnified at: (a) 1000x; (b) 2500x; (c)
5000x; (d) 10,000x

5.2.2 Specimen Preparation

Theconcreteest specimens were prepatgdfollowing ASTM C192/C192M2018) All

the drymaterial was added to the mixer and allowed townik waterand superplasticizer

until a uniform texture was accomplish&alorder to ensure thabne of the dry materials
were stuck to the sides and centre of the mixer, it was stopped periodicaityaandlly
scraped.To adhere to the recommendationABTM C192/C192M Section 8.1.2, the
superplasticizer was added to the wagforemixing, instead of directly to the concrete.
After the concrete was adequately mixed, cylindrical molds with a diameter of 200 mm
and aheightof 200 mm were filled and compactbgl hand tampingas required by the
standard.Based on previous research experience mixing this type of concrete, it was

deemed necessary to keep thixer moving whenever possible to avoid hardening of the
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concrete. Intense stiffening of the fresh concrete in the mixer was previously observed after
several minutes aemainingstatic, refered to as dalse seb The deterrmation of slump

was conducted on fresh concrete in according with ASTM C143/C143M (2015). The slump
was measured on three of the five batches of identical concrete to obtain a representative

average of 95.77 mnkigure5-7 shows the dry materials used in the concrete mixes.

Figure5-7  Dry materials

The researcher noticed that specimens withath had a longer set time than
specimens containing only cement, meaning they did not fully solidify in the expected 24
hours. To mitigate this, the molds were removed after 5 @hiysring from theASTM
specification which indicates removal from moédier 24 hoursSubsequentlyspecimens
were cured in a moist room for 28 dayghich was held at eneasurechumidity level

between 9396% at all times

5.2.2.1  Environmental Exposure

After curing, specimens were labelled and placed into one of the five envirtaimen
exposure conditions, which were all held at room temperaapprdximately 22 °C).

Group E1 is the control group, which was left to finythe entire duration of the exposure
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condition. Groups E2 and E3 were submergedealedbuckets of water forhie entire
exposure period, with group E2 in fresh water (tap water), and group ESawater
(saltwater). Group E4 was submergeds@aled in buckets dfesh water for one week,

then removed and allowed to dry for one week, and this process was repdtbe test

date. This rotating wet/dry process was also applied to group E5, where specimens were
placed insealedbuckets of altwater for one week, and then removed and allowed to dry
for the next weekTable5-3 outlines the specimen groups that wewaditioned ireach of

the exposure environments considered.

Table5-3 Exposure environments for each specimen

Exposure Specimen | Number of
Environment ID Specimens
Dry (Control) El 9

Fresh Sulmerged E2 9
Salt Sulmerged E3 9
Fresh Wet/Dry E4 9

Salt Wet/Dry E5 9
Total 45

Figure 5-8 shows specimenbeing exposed to select environmental conditions
including (a) specimengeft in dry condition and(b) specimens submerged in buckets of
seawater and fresh wat@hebuckets were sealed for the entire exposure duration, opened
only when rotating select specimens between wetting and drying ciclegure 58 (b),
therearenoticeableibht-coloured salt deposits on the surface of specinsaibsnerged in

seawaterThese salt deposits were not observed on specimens submergeshinater.
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Figure5-8  Specimens in exposure conditions including (a) dry; and (b) submerged in
seawater and fresh watgiote:the sealedcovess were removed faaking photo).

5.2.3 Compression Tess

The procedure for the determination of compressive strength was in accordance
with ASTM C39/C39M(2016) To ensure even loading, each end was capped using a
sulfur capping compound and allowed to setfgproximatelythreehours prior to testing.
The specimens were tested usingnaversal testingnachine that measured the maximum
compressive logdvith aspherical platen on the upper surface of the machine to minimize
any accidental eccentricitiesigure5-9 (a) shows specimens from all groupsforebeing
tested in ompression after curing for 3000 hours, including the capping on cykmdisr
Figure 5-9 (b) shows a specimen in the testing machine prepared to be tested in
compressn. It is noted that groupg2 and E3 were submerged full time iftesh water
andseawaterrespectively, until the test date. These specimens were only allowed to dry
for a couple hours before capping, so they appear to have a darker surface than other
specimens. This is more noticeable in specimens from g3 (Submerged in seawater),
where the darker surface colour was more pronounced and retained for longer after removal

from the water compared to gro&2 (submerged in fresh watet).should be not that
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specimens rotated between dry and submerged weekly were tested in dry condition, likely

representing a higher strength than if they were tested in moist condition.

Figure5-9  (a) A group of pecimensafter environmental conditionirtg be tested
under compressigrib) specimen prepared for compression test

5.2.3.1  Diameter Change Measurements

To inspect for any expansion or shrinkage of concrete cylind=sarchers measured the
diameter of many cylindrical specimeiifie micrometer tool used measured to a precision

of 0.0001 inches (254 ny, but only for lengths between 4 and 5 inches (101.6/M&y/

mm). The cylindrical molds used to cast cylinderddsity had diametexslightly larger

than 4 inches, however due to the imperfectly circular cross sections, some diameters were
under 4 inches and therebommeasurable with the micrometer. The circular plane surface
on each speci menadsxmarkedseestians of @Due tio theimequality t

of cy | i n dressssctions, this division is not exact and was measured by hand as
accurately as possible. The &ctions on each end were connected along the cylinders
curved sur f acwas malea approxinatdy rAmkagint KLOO mm). Three

di fferent diameters were mar ked-hgghtwers peci m

used as the repeated measurement pomeach specime total of five measurements
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was taken at each diameter each dayand the averageverecalculatedFigure5-10 (a)

shows a photo ofhe technique used by the researcher to measure diameters with the
micrometer deviceincluding the marks drawn onto the concrete specintégare5-10

(b) shows a $tematic of a circular plane at the end of a cylinder that was divided into 60

marked sections to be measured at each of the three dia(bteB2, D3)

Figure5-10 Measurement of cylindetiametershowing (a) actual setup; and (b)
schematic

Measurements were made regularly on specimen groups exposed to three of the
different exposure conditions: dry, and rotating weekly between dry and submerged in
eitherfresh wateror seawater. The fitggroup includes six specimens left to dry at room
temperatureSince goupE1 containsspecimens in dry condition, three of these specimens
were measured after curing for 28 days, and then again on days 30, 32, 35, and 40. In effort
to recognize any dianer changes thabccurredin dry concrete directly after being
removed from the molds, three specimens were mixed specifically to be measdingd
conditionwithout the 28day curing period. These specimens were lab&ledip M and

their diameters wemmeasured on day 5 (after removal from mold) and then again on days
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7, 10, 14, 19, 24, 35, 48, 60, 80, and 100s hoted that all measurements were made

within +/- 1 day from the date statelthe second group measured incldtleee specimens

that wererotated weekly between being submerged in fresh water for a week and left to

dry the following weekE4). The third group includes three different specimens that were

also rotated weekly, but they were submerged in seawater and then left {@5dry
Measurements were made on specimens immediately after being submerged in water for a
week, and then after drying out for one fu
brweekly and o6dryd meas uweeklyeantopposiweweeks. al s o
Measurements were taken for nine consecutive weeks. Summary tables and all raw data of
diameter measurements recorded for groupEME4 andES5 are tabulated in Appendix

B, including calculations for the average and standard deviation of the five nieastse

taken at each diameter.

53 RESULTS AND DISCUSSION

5.3.1 Compressive Behaviour

After curing for 28 days, specimens were mouedone of five selected exposure
conditions.Specimens were tested fanconfinedcompressive strength under uniaxial
compressie loading until failure after expose periods ofl000, 3000 an&000 hours
Results are presentedTiable5-4, including thecoefficient of variation (CYbetween the

three specimens tested.
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Table5-4 Compression test results after 1000, 3000, and 5000 hours of exposure

1000 hrs 3000 hours 5000 hours
Average Average Average
Condition Strength (CO/;; Strength (co:/zg Strength (CO:/Z;
(MPa) (MPa) (MPa)

Dry (Control) 29.98 8.32 34.00 491 35.03 6.70
Sub. Fresh 26.77 5.52 40.94 3.81 43.20 4.41
Sub. Salt 35.88 4.78 41.55 6.21 42.49 2.85
Wet/Dry Fresh | 28.66 9.46 31.78 3.63 38.62 5.34
Wet/Dry Salt 35.74 2.70 47.64 5.75 53.73 4.64

All specimens failed in compression in comparable manners, wittodtracking
observed on the surface of all specimens désure. Both longitudinal (vertical) and
transvers (horizontal) cracking was revealed to develop into larger diagonal cracking.
Spalling of concrete was visible on all specimens to some extent, more apparent in areas
near crackingAfter the peak load waattained, the testing machine wasmptlystopped,
and the loademoved. Ifnot stopped, the specim&rassubject to considerable loading
past its peakand expectantlgracking became much more sevanel completdracture
and crumbling of concreteould occur. Often, the fracturing of concrete was loadd
sudden as the peak load was attained, especially noticeable at higher stRiTggtissof a
specimen from each group affarling in compression during 50€@ur testsaare shown
in Figure 511, all having the load removed promptly after reaching the stength
Some large pieces of concret@ptured from the sides of specimensan explosive

reaction especially noticeablat higher strengthgbserved irFigure 511 (b), (c) and (e)
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Figure5-11 Specimensfter compression testsllowing 5000hourexposure to
conditions: (a) dry; (b) submerged in fresh water; (c) submerged in saltwater; (d) wet/dry
fresh water; (eyvet/dry saltwater

5.3.2 Effect of Exposure Duration

Figure5-12 shows the compressive strength of speciméas\arying exposure durations

as a function ofhe environmental condition endured. Error bars represent the positive and
negative standard deviation of three ideaitspecimens tested at each tirA#.specimens
indicated a positive effect with increased exposure duration, as stremgfihued to
improve between all periods tested.

Of all exposure conditions considered, the concrete proved to be least durable in
dry (control) condition. The dry specimens showed the lowest effect of exposure duration,
indicated by the smallest strength increase between tests, rising only 16.9% &@no 10
5000 hours. This grouplsoshowed the lowest average 5@@8ur strengti{35.03 MP&

The duration of exposure showed the most significant effect on specimens subject to

wet/dry saltwater condtions. This group showed a steady compressive strenggisenc

114



throughout conditioning, increasing 33.3% between 1000 and 3000 hours, and another
12.8% between 3000 and 5000 hours.

After being subject to the conditions for 1000 hours (42 days), the highest
compressive strength was obserwedpecimens subjeob tsaltwater conditions. Groups
submerged in saltwater and subject the wet/dry saltwater cycles both showetbuf00
strength of about 36 MPAfter conditioningfor 3000 hours (125 days3pecimens from
groupsin saltwater conditiongontinue to show higér compressive strength thather
specimens. There was a notable strength gain between 1000 and 3000 hours for specimens
submerged in fresh watencreasing 52.9%, from 26.77 MPa to 40.94 MPae strength
gain observed in all specimens between 10003&@@ hours is likely due to thielayed
pozzolanic reaction occuring with fly ash, which is known to incur strength at later ages.
Minimal strength increase (less than 6%) was observed in specimen groups that were not
touched between 3000 and 5000 hourgxgosure, that is the dry and both submerged
conditions. However, specimens subject to weekly wet/dry cycles continued to increase
compressive strength between 3000 and 5000 Hoursoth fresh water and saltwater
conditions This may indicate thathe wetting and drying process &dvantageous$o
strength for this type of concret&fter 5000 hours (208 days) of exposure, all specimens
developed compressive strength of at least 35 MPa. The highest overall strength observed
was 53.73 MPa fospecimens sybct to wet/dry saltwater corttbns, over 10 MPa higher

than all other groups.
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Figure5-12 Compressive strength after exposure for 1000, 3000, and 5000 hours

Figure5-13 was produced to more clearly compare the effect of each of the wet
exposure conditions to the dry (control) condition. The average strehtjth specimens
from each groupf(pwas divided over the average strength the control specimefs (
control) fOr each duration, including error bars representing the standard deviation between
specimens. The horizontal line alorigd ccbni@) = 1.0 maintains the performance of the
control group, so results above and below 1.0 indicate increased and decreased
performance, respectively.

After being subject to the conditions for 1000 hospgcimen groups in fresh water
conditions showed inferiocompressive strength compared to the control. Specimens
submerged in freshwater and rotated in fresh water wet/dry cycles showed strength
decreases of 10.7% and 4.4%, respectively, in comparison to control specimens. Despite
showing low early strength, sgeens submerged in fresh water fiithe developed
higher strengtlthan control specimens at later agasreasdby 20.4%6 and 23.3%at 3000
and 5000 hoursespectively. Between 1000 and 3000 hours, specimens in fresh water

wet/dry cycles showed alight decrease in strength comparedctntrol specimens,
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however it was deemed insignificant considering the overlapping standard deviations.
There was a clear strength development for this group between 3000 and 5000 hours, rising
10.2% above the strengthtbk control group after 5000 hours of wet/dry exposure in fresh
water.

Specimen groups in saltwater conditions showed continuously higher strength than
control specimens at all ages. Specimens submerged in saltwatenéuihowed 6 . f 6
control apProximately constant around 1.2 at all ages (20% higher than control), indicating
that this exposure condition is beneficial to strength development at early ages, but does
not have significant effect on strength after 1000 hours of expoguegeingens subject to
wet/dry saltwater conditions showed the largest strength developed between exposure
durations, showin@ .6 ccbnt@ values notably higher than all other groups after 3000 and
5000 hours of exposure. In comparison to control, ttesig showed strength improving
by 19.26, 40.2% and 53.4% at 1000, 3000 and 5000 hours, respectively. After 5000 hours,
all specimens outperformed the control group. It can therefore be concluded that exposure
to wet conditions is beneficial to compresssteength at later ages for the studied concrete
type Specimens in saltwater conditions consistently outperformed the control group, with
more obvious strength increase in specimens subject to wetting and dxglofijonal

strength gain in saltwater cotidns may be the result of beneficial chemicamplexes

being formed withsaltwater and concrete.
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Figure5-13 Compressive strength comparison of each exposure to dry (control)
condition

5.3.3 Diameter Change

Undesirable and excessive expansion in concrete containing large amounts of gypsum has
been reported as a concern by many researchers (Nixon 1978) (Naik et al. 2010) (Marlay
2011) (Mehta and Monteiro 2014)/ith this in mind, the researchers attempted toitoon

any diameter changes in concrspecimensvith the use of a micrometerhis tool was

used after measurements with digital calipers proved to be unreliable in previous research.
This method of measurement is not consistent with any specific standard and is considered
an approximate method of measurement with considerable possibility of humaiileeror.
maximum total shrinkage measured in this research was 0.026% between dagay and
100. This calculation can be found in AppendixNBne of the concrete specimens showed
surface cracking prior to testing, which is typical of specimens that have experienced
excessiveshrinkage or expansioAlthoughthemeasured shrinkage was acedgy small,

this datashould not be relied on for definitive expansion and shrinkaggsurements.
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To compares p e ¢ i di@anetérshangesafter time to the original average
diameter Do), all diametermeasurementsaken after varioumes of exposure dutian
(Dt) were divided by theénitial average diameter measuyéhdat is(Dt/Do). Thisratio is
shown as the vertical axis on the following figyresth days along the horizontal axis
Results with(Dt/Do) above 1 indicate that the average specimen demesgpanded, and
(Dt/Do) results below 1 indicate that the specimen diameter shFignk.e5-14 shows the
diameter changeobserved in dry specimensicluding groupM (made specifically for
measuring), and group E1 (control specimeBs}h groups show eontinuousdeclinein
diameter éngth observed over tima comparison to the initial average diamefeo)(
indicating shrinkage of the concrete cylinder. However, this may not truly be the case, as
testing error is assumed to have occurred during continual use of the micriixbeter
In order to make an accurate measurement with the micrometer, two metaMedosiie
clickedto tightenfixture into place at the exact location of the metK+) locationsSince
metal is harder than concrete, slight grinding of the concrete suki@aseccasionally
observed when the metal micrometer bars were clicked into place. The contact made
between the concrete and the metas sufficient tadetach fine concrete particles (dust)
from the cylindes surfacetherebyreducing the diametett the bcationwhere specimens
were continually measuredesulting in an inaccuracy of reported measuremérits.
results are not compatible with published principles indicating that increasing the gypsum
content, and therefore the $Entent, is likely to cawsexpansion (ASTM 2019) (ASTM

2015) (Naik et al. 2010).
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Figure5-14 Diameter measurements of dry specimens from groups M and E1

Figure 5-15 shows the diameter changes observed in specimens that were rotated
weekly in wet (submergedpand dry cyclesFigure5-15 (a) presents datmeasuredrom
specimenssubmerged irfresh waterbi-weekly and Figure 5-15 (b) shows data from
specimes submerged irsaltwaterbi-weekly. In both graphs, it can be seen that the
diameter of specimens measustdhe end of the wet cycleerecontinually larger than
specimens measureat the end of the dry cycldhis was anticipated based on the
established knowledge that concrete expands in wet conditions and shrinks while drying.
At day 21, expansion was observed in specimens at the end of both wet cycles (fresh and
salt), as well as in saltwater specimens athd of the dry cyclét all times after dap1,

a steady decline in diameter length is observed in all specimens. Tikedyisttributed to
the previously stated assumption that testing error has occurred while measuring

unintentionallyreducingthe diameters.
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Figure5-15 Diameter measurements of specimens at the end of wet/dry cycles in (a)
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54 DISCORDANCE WITH STANDARD FOR SO3 CONTENT

As mentioned, His study doesiot adhere to the standard composition requirements for
sulfur trioxide §QOs), according ttASTM C150/C150M(2015) The standard references a
maximum of 3% or 3.5% S{content for general use concrete, with the higher value
accepted when 48 is more than 8%The percentage of 8 is calculated based on
chemical analysis involving a simple calculation using the percentages of aluminum oxide
(Al203) and ferric oxideKex0Os). According to tlis chemical analysis calculation, theAC
content was determined to be 24.6%étails of the calculation can be found in Appendix

C, which were made based on the process laid out in ASTIBD/C150M(2015). The
standard also states thhis SOz limit may be surpassed if it can be demonstrated that
expansion exceeding 0.020% will not develop, tested according to ASTM C1038/C1038M
(2019) This test method determines the expansion amount of a mortar bar when it is stored
in water, and stagethat excess sulfate may be a cause excessive expdifsorest was

not performed during this research as the necessary equipment was not aviéhi@ble.

cementitious materials used in this research were analyzeedwoyate fusion to determine
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their major elements and oxides. Through this analysis,c86tent by weight was reported

as 1.24%, 3.29% and 44.65%, for fly ash, cement and gypsum, respectively. The
cementitious content of the mix design used in this study contains 50% fly ash, 35%
cement, ad 15% gypsum. This combines to a totak$@ntent of 8.47%, over double the
specified limit. The effect of S@ content on concrete was previously discussed in the
literature review.

This experimental research focuses on compressive strength parasiebersg
promising results in this regard. Although expansion of specimens was not able to be
precisely measured, it is recognized thany expansion did occur, it was not sufficient to
produce visiblemicrocrackingin concrete prior to testing-his suggests that gypsum can
be implicated as part of the cementitious material with inconsequential effects to

compressive strength

55 RECOMMENDATIONS FOR FUTURE RESEARCH

Concrete is utilized in any harsh environments, so it is recommended that durability to
other environmental conditions be considered, such as cycles of heating and cooling or
freezing and thawing. It would also beneficial to monitor the resistance to common
chemical attacks, inatling attacks from sulfates, chlorides or alkdigture testing should
similarly include saltwater and fresh water wet/dry conditions, as improved strength was
observed in this research for specimens exposed to wet conditions. Durability testing
beyond B00 hours is also of interest.

Only one mix design was considered in this study, however it is recommended that
future researclcompareanix desigrs with different fly ash and gypsum contents in the

cementitious materiaincluding a control mix with onlyPortland cementAs inordinate
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expansions have been reported in the literature at high gypsum contents (Naik et. al 2010)
(Marlay 2011) (Mehta and Monteiro 2014), it could be useful to study the confined strength
of this concrete type, such as in concifdted fibre-reinforced polymer tubes (CFFTSs).
Largerscale tests are also of interest, including beams, columns arsd Blekural
strength testing should also be considered.

It is recommended that future researchers use a more precise measuringhdévsce t
able to monitor expansion and shrinkage more accurately. The standard test method
existing for measuring expansion of hydraulic cement mortar bars stored in water (ASTM
C1038) requires a length comparator that conforms to apparatus specificaticeneqts
outlined in ASTM C490, which was not available at the time of research. It is
recommended that length changes are not only monitored in specimens stored in water, but
also in dry specimens, as previous research indicates that concrete with ggpssimow

increased expansion in water.

5.6 CONCLUSIONS

In this research concretecontaininggypsum powder recycled fmowaste drywallg15%

by weight)combined with fly asi{50% by weight) as partial cement replacements was
investigated for durability tdifferentwet and dryconditions Specimensvere exposed to
one of fiveenvironmentalconditions namely continuously dry(control), continuously
submerged in seawater and fresh water,ratating weekly between dry and submerged
seawateandfresh waterDurability of concrete to these conditions wasluatedusing

the average compressive strength of three specimens testeskpéisurdor 1000, 3000,

and 5000 hourslhe following condlisions were drawn from the presented research:
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1 Compressive strength was not adversely affected by exposure to any of the
environmental conditions considered. Strength increases were observed in all
specimens after prolonged exposure, indicating that etmstrength and durability
was maintained up to at least 5000 hours.

1 Specimens left to dry (control) showed the smallest effect of exposure duration,
developing minimal strength during conditioning periods. Between 1000 and 5000
hours, this group showelde smallest strength incregd6.999, attaining the lowest
overall compressive strength after the full exposure duration (35.03 NIRig).
indicates a beneficial relationship between water exposure and compressive strength
of concrete

1 In comparison tdhe control, specimens in fresh water conditions showed inferior
compressive strength after 1000 hours of exposure, but greater strength after exposure
for the maximum duration (5000 hours). After 5000 hours, specimens submerged in
fresh water and specimem fresh water wet/dry cycles showed strength increases of
23.3% and 10.2%, respectively, when compared to the control.

1 Specimens in saltwater conditions showed higher strength at all test ages in
comparison to the control. Specimens submerged in settmaintained compressive
strength approximately 20% higher than the control group throughout the entire
exposure duration. Specimens rotated weekly between dry and submerged in saltwater
showed the most significant effect of exposure duration, continuajtyoving
strength throughout exposure. After 3000 and 5000 hours, specimens in wet/dry

saltwater condition attainembmpressivetrengths 40% and 53.4% higher than the
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control, respectively. It was speculated that cementitious complexes were formed
during wetting and drying cycles in concrete exposed to seawater.

1 Cylinder diameters were measured periodically in dry (control) condition, as well as
at the end of dry and wet cycles in both fresh and saltw@taonitor for any changes.
Specimens in drgondition generally showed a continuous reduction in diameter,
potentially attributed to error incurred with the measuring device used. As expected,
specimens measured at the end of wet cywedarger diameters than specimens
measured at the end of diycles.

1 Before the possibility of using this type of concrete can become a practical reality,
more indepth investigations should be conductB&commendations for future
research include varying the cementitious content, exposure to other environments,
application of other test methods, and using a more precise measuring device to

monitor volume changes.
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

In this thesisthree phases of research wpresented investigating the potential of using
recycled gypsum material as a partial cement replacement. The primary objective was to
design a more sustainable and environmentally friendly solution to traditional concrete by
using recycled gypsum, and teoopide sufficient experimental evidence that adequate
strength and durability is maintaindd. the first phase of research, eight mortar mixtures
containing different combinations of cementitious matémaluding cement, gypsuand

fly ash) were testedor compressive strength after curing for 328, and 56lays. In the
second phase of research, fifteen different concrete mixtures were prepatading 0,

5, 10, 15, and 20% gypsum and 0, 25 and 50% fly ash as partial replacement for cement.
Specinens were tested for compressive strength at the age of 7, 28, and 90 days. The third
and final phase of research selected one mix deBigm Phase lincluding 15% recycled
gypsum, 50% fly ash and 35% cemambe tested for durability, which was evakaby

testing the compressive strength of specimens after exposure to various wet and dry
conditions for 1000, 3000 or 5000 houfse following conclusions were drawn from the
experimental studies:

1 Mortar specimen tests indicated that gypsum is disadgaotes to compressive
strength at all ages when partially replacing cement; however, improved strength was
observed at later ages in specimens that also used fly ash as a partial cement
replacement

1 A positive relationship between fly ash and gypsum in @teepeatedly confirmed

highlighting that either material combined with cement alone had inferior
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compressive strength, however when mixed together, a strength increase was
observed at later ageBhis confirmed the work of previous researchers staliag

the hydration of fly ash is improved with gypsum.

Gypsum content between2®% was found to have a nsignificant effect on
compressive strength of concrete containing 50% fly ash at later ages. All mixes with
additional gypsunslightly outperformedthe 50% fly ash control specimens (no
gypsum) at 90 days, with the highest compressive strength observed in specimens
with 20% gypsum content.

All specimens tested for durability continued to develop compressive strength
throughout exposure to all conditis, including dry, submerged isaltwater
(seawaterand fresh water, and rotated between wetting and drying cyckdsvater

and fresh wateiSpecimens in dry (control) conditions showed the smallest strength
increase throughout exposure, and specimersliwater conditions showed the
highest strengths.pgcimens subject tealtwatemwetting and drying cyclesevealed

the higheststrengthincrease between 1000 and 5000 h@b6s3%9, andmaximum
compressivetrength(53.73 MPa

Gypsum was found to dehydrate mixes, so the use of a superplasticizer was necessary.
A o6false setd in the concrete mi»xncan oc
due to crystal formation. This can be avoided by keeping the mix moving, or if a false

set is recognized, it can be disrupted by further mixing.
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6.2

RECOMMENDATIONS

Based on the presentedudy it is believed that further research on gypsum as a

supplementary cementing material in combination with fly ash is worthwhile and

beneficial. The following ecommendationare maddor future research

T

Investigation ofother exposure conditiorsich ascycles of freezing and thawing
andbr heating and coolinghese exposusshould also be considered in wet and dry
conditions as improved strength was observed for this concrete mix when exposed to
wet conditions.

Additionally, it would be useful to copare the durability of concreexposed to
conditions similar to those presented in this researclvanihg gypsum and fly ash
contents

Durability to prolonged exposurbdyond 5000 hours) is recommended.

Proper equipment to precisely measure any expansion or shrinkage of wet and dry
concrete specimenshgyhly suggested

Resistance to various chemical attacks is @edinent including attacks from
sulfates, chlorides or alkaliSulfate 6Qv) attackmay beof increasedmportancedue

to the additionasulfategorovided by gypsum.

Testing of various larger scale specimens is also of interest, including beams, columns,
slabs, and concrefédled fibre-reinforced polymer tubes (CFFTSs).

Analyzing SEM phats of dry cementitious materials to determine differences in
particle shapes its effect on the hydration process of concrete.

Taking SEM photos of concrete after failure to analyze cracking patterns, including

microcrackpatternsand microcrack density.
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T

It would be interesting to explore the possibility of using seawater as the mix water,
considering the resultsf this research indicate that submerging in seawater was
beneficial to strength for this concrégpe With rising sea levels, many coastal &sea
around the world are experiencing shortages of fresh water and this would be an ideal

sustainablalternative to traditional concrete construction.
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APPENDIX A LATERAL AND AXIAL STRESS/STRAIN
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Figure A- 1 Lateral and axial stress/strain diagraorsspecimens (a) FGBA50-C50
and (b) FG2a-A0-C80.

146



APPENDIX B DIAMETER MEASUREMENT DATA FOR SELECT
DURABILITY SPECIMENS

This appendix includes data recordelile monitoring the diameter change of concrete
specimens that are dry (MhdE1), rotated wet/dry in fresh water (E4ndrotated wet/dry

in seawater (E5)r'he numbers recorded are measured in inches to the accuracy of 0.0001.
The micrometer used for measurements was designed to measure lengths between 4 and 5
inches, so each of the numbers recorded is however much above 4 inches the diameter
length was meagsedtobel n t he foll owing tables, 6Avgb

signifies standard deviation.

Table B-1 Diameter change of group M between day 5 and day 100

Day 5 Day 100 | Day 5Day 100
o 1 0.0701 0.0686 0.0014
2 0.0078 0.0076 0.0002
e 1 0.0189 0.0183 0.0005
2 0.0729 0.0705 0.0024
1 0.0489 0.0472 0.0017
M1-3 2 0.0264 0.0257 0.0007
3 0.0080 0.0079 0.0001

Avg = 0.0010 inches

To calculate the % change (shrinkage):

Average change €.0010 inches) x (25.4 mm/inch) = 0.0255 mm
Diameter = 100 mm, therefore:

Diameter change = (0.0255 mm) / (100 mm) = 0.000255 mm/mm
Change to percent:

(0.000255 mm/mm) x (100%) = 0.0255% = 0.026%
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Table B-2 Summary tabledr D/Davg results for dry specimens (M and E1)
DRY Dt/Do
Day M El
5 1 -
6 0.99941 -
7 0.99323 -
10 0.98580 -
14 0.98848 -
19 0.98429 -
24 0.98329 -
28 - 1.00019
30 - 0.98888
32 - 0.98888
35 0.98333 0.98590
40 - 0.98361
48 0.98188 -
60 0.97421 -
80 0.97300 -
100 0.97403 -
Table B-3  Summary table of Dt/Do results for rotated dry/wet specimens in fresh
water and seawater
Dt/Do
Fresh Water (E4) Seawater (E5)
Day Dry Wet Dry Wet
7 1 1 1 1
21 0.98858 1.01076 1.01018 1.02614
35 0.98730 1.00299 1.00224 1.01803
49 0.98811 | 0.99657 | 0.99631 1.01742
63 0.98722 | 0.99631 | 0.99424 1.01544
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Table B-4 Diametermeasurements of dry specimen group M
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