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ABSTRACT

AKSHAY BANSAL. Guidance for use of construction and industrial waste by
products in concrete. (Under the direction of DR. TARA CAVALLINE)

Thisthesispresents a study to synthesize plblished literature regarding the use
of construabn andindustrial waste byroduct as cement or aggregate in concrete, and
aims to incorporate this knowledge along with findings of an agency and indegirgy
into development of a protocol for dat@ning the suitability of waste materials for
potertial use in new concrete pavement construction. The use of construction and industrial
waste byproducts is beneficialor both environmental andconomicreasos because
beneficial reusef wastematerias will reduce environmental impacts of new congtanc
as well as prevent the depletion of natural resources.

Construction and industrial byproducts can be used in either bound applications
(new concrete) or in unbound applications (base or fill masgrial new construction.
Unbound applications ardten seen as a lower risk application than bound materials, but
minimal standards for physical properties and durability performance stiligie met.
Additionally, environmental concerns associated ahichate can be an issuklse of
waste byproducteén new concrete can help lower the environmental footprint for this
widely used building material. However, performance criteria must still be e
primarycriteria upon which the performance of concrete depends includes fresh properties,
mechanicaproperties, and durability performandée economics and availability of the
materialsmust also beonsidered.

In this study, e characteristics of base maits and concrete produced using

waste byproducts, as well as the potential environmentalaictpwereinvestigatedand



synthesizedhrough a literature review. The perceived lack of guidance to support agency
use of, and specification development, these materials was explored usimgirsquiry

of selected state highway agencies (SHA) andustig. The results of theaquiry
conducted were analyzed to evaluate the barriers to gsastfuction anchdustrial waste
by-products in concrete, identifjeeds, and assess risk toleranc&imilarities and
differences between SHA and industry ggrtions of benefits, required tests, and barriers

to use were identified using statistical metho&mdings from the literature review and
inquiry results weraised to develop a methodology (guidance) for evaluating the suitable
uses of construction anddustrial waste byroducts as unbound materials in concrete
pavement construction or in concrete mixtures as either an aggregate or a supplementary

cementitiougnaterial.
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CHAPTER 1: INTRODUCTION

1.1 Backgroud

Naturalresources sth as rock, river sandndgravels are diminishingapidly due
to the extensive use of concretehich has a high demand due to new buildings and
infrastructureconstruction(Kou and Poon 20097 he @nstruction industry consumes 25%
of virgin wood and 40% of raw stone, gravel and sand everyglehally (Yuan et al.
2012) On the other hand, thelume ofwaste generated from industries and demolition
of old constragtion which ould potentiallybe used in concrete is high.theUnited States,
the amout of demolition waste generatéds been estimated bearound 18 million
metric tons per yeafChini and Bruening 2003Also, the wate generated from such
industriesis oftendisposed of in larfdl s, which ultimately reducethe available landfill
spacethat could be utilizedor otherwaste andncurs disposal costs

Conaete isa key component of many types adnstruction and isequired in
extensive amoustto build a new structure. The demafad concretewill likely not
decrease in this era where development is taking plasestevery part of the world.
Thus, concete is requiredn a variety of types of construction, incladi infrastructure,
commercal, and residential constructioo support new development as wellimsepair
of existinginfrastructureln the United States, use of concrete is estimated haobe than
500 million tons each yedMeyer 20@). Similarly, aggregate matats are utilized as
base materials, as fill materials, and as a component of concrete. ¢Jashid stona
the United States issemated to bd470 million metric tons and sand and graved&9

million metric tons inthe year 2018Bernhard and Reilly 2019)



Manufacturirg or producingproductsutilizes energyandalsooftenresultsin a by
product which is considered a waste. Reseaschave shown it these byproducts can
be beneficial if useth the approprate mannerProduction of oncreterequires ainder
andhas historicallypeen ordinarportland cement. Howeveftermanyresearcltstudies
ash from several burnt materidtsich as coal, ward, sugarcane huséndrice hush and
some other powdered neaial obtained as a kyroduct from some industrigsuch as slag,
silica fumesandcrushed glagsprovide pozzolanic activity anchn be useds a cement
replacement. Also;oncreterequires aggregate which is conventionally obtained through
mining. Demdition of an existing con@te structure@esults inanextremely high amount
of construction waste which can be used as aggregate in the combeste byproducts
are considered as waste matksrand areften disposed of into larfdl s, which leads to
reduction of available lafidl space

Movement toweds sistainakte design and construction practicgessential for the
planets benefit and to continue the human development and growth sufciaty.
Approximately 12 billion tons of concrete is manutaetd annually around the wad and
this requires hig volume of cement and aggregate producti®mdique et al. 2019)
Production of portland cement prodaaaore than 5% of carbonodide (CQ) worldwide
(Mohit and Sharifi 2019)However, the production of concrete requires cement as an
essential constituent and the manufacture of cement relembesdi-oxide (CQ) along
with greanhouse gases (GHG) which are very harmful as they cause environmental
pollution (Malhotra 2004) Cement production has been expected to rise from 2.5 billion
ton in 2006 to about 5 billion ton by 2020 which is almost 100%(Nsek 2008) The

main source of C&and GHG n cement ranufacturingMalhotra 2004 are:



M Calcination ofimestone = 565%
1 Fuel Conbustion =40-50%

1 Use of electric power =-00%

Thus, toimprove the sustainability afoncrete, its necessary to reducedagon
footprint associatedith its cemem content. One&vay of doing that i$o use supplementary
cematitious material{SCMs) ncluding fly ash, ground granulated blgstnace slag,
rice-husk ash, wood ash, silica fume and other pozzolanic material as a replacement of
cement in concretelemeaits Replacing cement up 70% by SCMsin concrete can
improve the environmental impagt concreg onair quality, reduction of solid wasétong
with durabilityandenergy efficiency of concretemixed during the cement manufacturing
process to redudbe energy required in cement productibiaik et al. 2003)

Construction of new buildings and infrastructure is takitage on a massive scale.
Consequently, the worldwide camaption of concrete is increasing consistently every day.
This increasing consumption isow causing the depletion of fossil energy resources.
Hence, it has become necessary to use the sustamaldgial in replacement to the
conventional materials foroocrete production. A sustainable practice to reduce the
enviornmental impacts and incia economic benefits includes reuse of suitable by
products from different industries which are otherwisepdsed into landfills by
incorporating them in concrete. ANability of industrial byproducts for use in concrete is
high, thus, they can be beiwédlly reused in the new infrastructure rather than filling them
into the lands as wasf&arim et al. 2011)

Due to the real and percent risk of using a new material in construction,

justification of use of waste products is often requiredricourage and support their use.



Life-cycle assessment @A) and Lifecycle cost analysis (LCCA) are two ways of
evaluding the environmental andconomic mpacts respectively by using recycled
materials in lieu of conventional materia(€arpenter et al2007) and can help
demonstrate the benefits of using these materiddsng these toolshe sustainability
benefits of reusing industrial waste-pyoducts in lie of conventional materidave been
shown to includ€Karim et al. 2011; Muench and Van Dam 2Q014)
1 Reduction of cenm use will lower the eneygconsumption, as well as the
production of greenhouse gasses such as CO
1 Useof waste for cenent and concrete production reduces the need for use of virgin
natural esources.
1 Redudng the quantities ofmaterialsdisposed ofwill lower landfill costs and
conserve space in landfills for other materials.
1 Efforts to utilize recovered waste materiagpports sustainabldevelopment
initiatives.
1 Use of waste materials thaxhibit pozzolanic activity or act as a filler in the
hydraton proces can reduce thamount of portland cement in pavement mixtures
1 Use ofrecycledproductscan reduce the impacts of transportation by the use of
locally available materialsver high gality materials without compromising the
concretebse performanc
1 The environmental damagmused while extracting natural aggregate from the

guarries and sand agdavel pits can be mitigated

As an example,raLCA and LCCAstudy on Wisconsin Stateighway 3%/83 near

Burlington, Wisconsin was conducted to evaluateethearonmental andconomidenefits



of using byproducts. As a result, it was found that Greenhgaseemissions were reduced
by 20% with 74% of C@reduction from the heavy equipment, proviglisignificant
reductions to global warming associated witls throject. It was noted thamount of
hazardous waste produced, and amount of water consumedswasduced about 11%.
The total lifecycle cost also reduced by 21% by using recycled mateimalieu of

conventional materiald_ee et al. 2010)

Collection of different wastes
(Slag*, Fly ash*, Palm oil fiber, shell, etc., Rice husk, and Timber

Processing and removal of contaminant, if any
Buming by kiln or furnace in Burning in boiler/
cement industry furnace to produce ash

v v

Grinding of ash with
measuring energy

v v

Measurement of required
energy/fuel for blended
cement/OPC production

Use as supplement of clinker

Utilization of ash and
OPC in concrete

Properties of blended cement and Properties of concretes
oPC (blended cement/OPC)

Recommendation regarding energy consumption, saving and
production cost

FIGURE 1.1 Utilization of wastes in cement and coneras an energy saving apach
(Karim et al. 2011)

Many construction and indrial waste byproductshavethe potential to be used
in newinfrastructuredue tothe fact that many otheir propertiesare similar to thosef
conventional material The greatestsustainability benefits are generally understood to be
highest grade usde.g. in new caretg However, ndustry is often most moted to use
the lowest riskbeneftial use, such as unbound bases or fill materi@uench and Van

Dam 201).



A variety of industriawaste byproducts la been targeted for use in concratel
in unbound base applicatigrend published research studies generally profndings
thatsupport congleration of their use. However, a number of limitatioosinue toexist
for reuse ofmostconstruction anthdustrial waste byroductsgTymvios et al. 2019)
1 The performanceobtained fromusing byproducts in concretand unbound
applicationgs often unknown
1 Dueto therangeof chemicalcomposition@nd physical charactetiiss of waste
materials, asvell as variation in their composition, characterization tests are
required prior to use.

1 For many waste productgsearch is still neede¢d support commercial use.

1.2 Significance

The use otonstruction anthdustrial wastdy-productscan bebenefigal in terms
of both sustainability and economicklse of these byproductsan reduce the harmful
environmental effect@associated with industry while reducirige amant of natural
resources depletl due to the heavy demairor concrete throughout the wdr Many of
these byproducts are produced isignificant quantites from a variety of different
industries Although some industrial waste -pyoducts are often onlgvailable local to
an industry, the range and geographicritigtion of industries pragcing potentially
beneficial waste provides an oppoiityrfor use of an industrial waste byproduct virtually
everywhere

Due to the range of compositions and valhgbof the waste materials, most are
still not understood weenough to baused efficently inunbound materials such as base

or fill, or in newconcrete. These waste materials can\m¥y economical in comparison



to the conventional materialsed inbases, fill, anadoncrete productigrand shortages of
convenional material ray drive the demand for increased use of wdstproducts Also,
theremay be environmental and financiaisks associated withse ofthese byproducts
However previous,andongoing research amitigaton of these risks, along with dgsis
supporting economicsbenefits of their use, is helping fastify increasd usage of
construction anthdustrial waste byroducts.
Currently, there is a
1 Lack of synthesized knowledgegapport practitioner education and comfort level
1 Lack of guidance to support agency sgmation development
1 Lack of a franework to economically justify use obnstruction anéhdustrial by
products in concrete and demonstrate benefits
Researclstudesare needed taddresghe above points arnd support the usef
construction andindustial by-products which wouldimprove the sustainability of

construction.

1.3 Objectives and Scope

The objective of this work is to develop a methodology for deteéngisuitable
use(s) forconstruction andhdustrial waste byroducts in concrete mixtes based upon
the results oéxisting test methods and considering local conditions, including availability
and economic consideration#s part of this worka review of research studies focused
on evaluatingconstruction andndustrial waste byproductsfor use in concretavas
performed The review of agency practices, existing guidance, and research fimdiags
extended beyond the United States to other natidhe findings andecommendations

were synthesized andsummaried An inquiry of state highway agencies and



representaes from the concrete paving indusimas performed to identify needs and
assess risk toleranceBest practicesresearch findingsandthe literatureinquiry results
were synthesized in order toedelop a methodologyguidance) for evaluating the
suitability of construction andndustrial wastéy-products for use in concrepavement

applicationsas either an aggregate or supplementargentitious material.



CHAPTER 2: LITERATURE REVIEW

2.1 Byproducts Used itunbourd and BoundConcrete Materials

2.1.1 Byproducts from the Construction Industry
2.1.1.1Recycled Concrete Aggregate

2.1.1.1.1 Introduction

The depletion of good qutt virgin aggregate along with the demand of raw
material maks the availability of mat&ls from permitted quarries more problematic
Also, the transportation cost for hauling those materials increases the overall cost of the
construction materigBehera et al. 2014Yhus,there isaneed fora substitutefor virgin
aggregatesot fulfill the increasingconstructiondemand without increasing the coand
environmental impaatf raw material extraction.

Recycled aggregates are obtained from the demolition of existifigstructure
and they may be of many different types suchdamolishedconaete structures or
pawemens, rejected precast concrete members, broken masonry, waste generated from
differentlaboratories, concrete from ready mix plants, asphalt paveandriather types of
hardscape materials. Recycled aggregates produmedcrushing of existing concret
structures is known as recycled concrete aggregate (R@Bhisholm 2011) RCA
generally contains of adhered mortar consistirogthy fine aggregates, hydrated and un
hydrated cement partesbound to the residu caarse aggregates from the source concrete
(Behera et al. 2014Yhe volume of residual mortar in recycled concrete aggregate varies
from 25% to 60% according to aggregate gidansen and Nadu1983) and has been

found to be highly influential on the characteristics of the RCA
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To achieve the typical gradation of aggregate used in congueteary and
secondary crushing is genkyaequired. In primary crushing, hammer and impact crushers
are used to reduce the siethe materials to roughly about 50 mm, following which the
material passes an electromagnetic separator which removes the metal impurities such as
steel reinforcemd. Finally, the material moves to a ventilator which usestsl| of air to
remove theightweight particles such as wood and paper. In secondary crushing, the
material is further broken into smaller particles of abouR@4nm size. RCA can be
utilized asa substitute for fine aggregate (sand) or coarse aggliedatend and unbound
applications. The fraction of residual mortamtained within fine aggregate is higher than
in coarse RCA (Snyder et al. 2018).
2.1.1.12 Impact of RCA on Fresh Concre®egerties

The mortar content of RCA has been found to ine@dgae water demand of a
corcrete mixture required to achieve a desired workabiliiyne workability of fresh
concrete incorporating RCA was found to deceeas the slumjis loweras comparetb
virgin aggregate concretrixed using the same water/cemeatto (Kou and Poon 2009)

It was reported that the water demand increases by 10% for RCA coficabth and
Abdelfatah 2009) When the replacement increases more than 50%, the workability of
recycled aggregate concrelRAC) concrete is quitprominent(Tavakoliand Soroushian
1996) An increase in slumwith increasing RCA was observeden the RCA used was
presoakedand mixed whildn surface saturatedry (SSD) conditior{Poon et al. 2004)
Another way to daievethe desirecdconcree workability whenusing RCAis by adding

20% fly ash along with superplasticizey it can increase the vkability by 12.5%(Kumar

and Dhinalaran 2012)
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The loss of capillary moistureesponsibldor drying shrinkageis greaterin RCA
concrete as compared to conventional condiéamg et al. 208). The lower modulus of
elasticity of recycled aggrega alsooffersless resistance to potential shrinkage of cement
paste(Yang et al. 2008)Past studiehave shown that the drying shrinkagef RCA
concretewas 1560% higher(Tavakoli and Soroushian 199%)ile another studghowed
thatdrying shrinkag ranged fron20% on 50% of RCA substitutioby masof coarse
aggregatavhich reached to 70% when the substitution increase to 1@%hingo-Cabo

et al. 2009)

2.1.1.13 Impact of FCA on Hardened Concrete Properties

The compressive strength RCA concrete was fountt be reduedby 30%upon
repla@ment 0f100% natural virgin aggregategth RCA (Poon et al. 2004; Tam et al.
2005) Other researchers also found significant loss in compressive strengtargiag
from 12-25% with 100% replacement abarseaggregatevith RCA (Etxeberria et al.
2007; Gutiérrez 2004; Hansen 1992he reason behind the reduction may be due to the
lower strength of RCA, increased porogiftheconcretgdue to either the increased water
required 6r workability or the poray of the residual mortarweak interfacial bonds of
aggregates and matrix and presence of microci@aéhkg and Zhou 1998)This has led to
many resealers recommended the use of RCA as only a partial replacefhig@and/or
coarseaggr@ate. For examplehé opimum replacemenf coarse aggregate witRCA
suggested bgneauthor is 2540% (Tam et & 2007) A contrary statment was given by
another author that the compressive strength of RCA concrete is sometimes equal or higher

than conventional concreté laigh w/c ratio (0.40, 0.55, 0.70) because the excess water
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absobed by the aggregates lowbe effectiveness of w/@tio which in turn increase the
strengthof the concret¢Otsuki et al. 2003)

The splitting tensile strength ®@CA concrete shows similar trend as that of
compressive strength of tHRCA concrete(Behera et al. 2014)t was faind that the
splitting tensile strength cabe reducel up to 21% when 100% substitutionfaRCA as
coarse aggregats utilized (Rao et al. 2011)in the contary, some researcheralicated
that the splting tensile stength of RCA concrete isnproved over that ofonventional
concete because of thmprovedbond that is formed betwedine RCA and new mortar,
due to the higher water absorption of tesidwal mortaron the RCA as well as its increased
permeability whih promotes bon(Etxeberria et al. 2007High strength concrete derived
from RCAhas been shown fmerform better in spliing tensile stengthteststhan normal
strength concret@Behera et al. 2014; Rava. 2011)

The flexural strengtlof RCA concretavas foundto decrease by 10¥4pon 1%
substitution of RCAas coarse aggregateconcretgAjdukiewicz and Kliszczewicz 2002;
Hansen 1992; Yang et al. 2008nother study showed @ecrease in theange of 1&23%
in flexural strength of RCA concre{@avakoli and Sroushian 1996)Some of them found
no significant difference in the flexural strength of concrete containing 100% &CA
coarse aggregaft®ao et al. 2011; Sri Ravindrarajah and Tam 19885 study found that
the flexural strength reduced by at most 13% drsstution of 1550% RCAusedascoarse
aggregatdy masgKang et al. 2012)

Co n cr eotdudud of elasticity is direly affected by the porosity of aggregate
and pastmatrix, andas such, incorporatioaf RCA into concretetypically results in a

reduction in elastic moduly8ehera et al. 2014)n one study,he authors found a loss of
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45% of the elastic modulus on 100% substitution of RCA in plaéenatural coarse
aggregate(Ajdukiewicz and Klizczewicz 2002; Rao et al. 2011aig et al. 2008)
However, in another study the reduction was sligletiucedoy 20-25% onthesameRCA
substitution(Bairagi et al. 1993)The author noticed that the failure pattern mdscative
of amore brittlefailure modethanwould be typially observed irconventional concrete
(Guncan 1995)The reduction in modulusf elasticity was attributed tché strength

characteristicand lower quality of RCALimbachiya et al. 2012)

2.1.1.14 Impact of RCA on Durability of Concrete

The water absorption characteristics of RCA imptise potential to acersely
impactthe durability of concreteThe increaseg@orosity of RCA tends to result in greater
concrete permealtiy to water and aggressivens (Snyder et al. 2018). For examphe
chloride ion penetration was found to be 73.2% higher than normal concrete on 100%
substitution of RCAas coarse aggregatat 28 days curing perio{Olorunsogo and
Padayachee 2002Another study also reported an increase in chloride ion permeability
ranging from32-55% a 100%substitutionof RCA as coarse aggregdteou et al. 2012)
This could be demonstratagsing the rapid chloride permeability test (RCHR¥gssing a
charge for 6 howrthroughconcrete cured for 28 dagiou and Poon 2009)

Concrete containing RCA was found terform better in freezand thaw resistance
than nomal concrée due to its porosifywhich likely provides spze for water to freeze
and reduces freezbaw stresseokceet al. 2004) However, it did not perform well in
resistance to sulphate attack as the loss in concrete mass increased with the increase of

RCA inthesulphate resistnce tes(Limbachiya et al. 2012)
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2.1.1.15 Environmental Concerns

UsingRCA is a sustainable practioe terms of envionmenal benefits because it
reduces the use of virgin aggrégmand landfill facilitiesamong otheadvantagedJse of
RCA also reduces the fuel consumption and the emssagsociated witits combustion.
However, there could potentially be some negaimpacts associated with the recycling
of concrete aggreged on water quality, air @lity, waste generation, noise and some other
local impactgSnyder et al. 2018A description of these is as follows:

Waste:

As, RCA is an inert material, it is not subject to hazardous waste regulation. The
wastegenerated fom its production can be solid waste (crusher fisealants, reinforced
stee) and slurries (from wastewater). They can be mitigated by:

1 Optimizing the crushing operation in such a way to minimize the production of fine
particle.
1 Reducinghevol ume of water from RCAOGs by evaprg

1 Identifying appropriate locatiorfer washing equipmer{Snyder et al. 2018)

Air Quality:

The production of RCA caralso produce dust and airborne particles (from
equipment emission) similar to that produced during construction activities. But the
emissions associated with the virgin aggregate produatiay begreater, andthe use of
RCA may reduce the greenhouse gases which are emitted by the equipment and the dust
from hauling vehiclegSnyder et al. 2018)

There are many ways of mitigating the air quality issues causedodREA

production. Somef them argCavalline 2018)
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1 Minimizing the haul distance as much as possible.

1 Maximizing the fuel efficiacy and minimize the emission of a hauling vehicle by
properly maintaining them.

1 Reducing the speed of hauling vehicle and covering the stockpiles.

1 Sprayingwater dumg production is an effective way to reduce dust.

Water Qualiy:

The runoff and leachatrom RCA stockpiles may be highly alkaline due to
dissolved calcium hydroxide, contaminated with chemicals, and can potentially form
deposis d suspended solids imfrastructure componenssich as drainpipgSadecki et
al. 1996; Steffes 1999k may also include some &ey metals like vanadiunchromium,
and lead. High pH runoff from the RCA, if not diluted by rainwater, may be harmful for
vegetation, zinccoatd and aluminum pipel@s, natural water when discharged directly
into the stream@Chen et al. 2012; Edil et al. 2012; Sadecki et al. 1986se effects can
be mitigated if the runoff is neutralized by infiltration and exposure t@sdirocks. Thus,
use of RCA in construction may reduce soafethe impacts on watejudity due to
leaching. There are many other ways of mitigating the water quality i€Sogder et al.
2018). Some of them are:

1 Sdecting the location of the stockpiles away from water bodies such as streams.

1 Constructng trenches around the stockpiles and processing equipment for
collecting therunoff.

1 Mitigating the pH level and solid content of the runoff by using the localized

treatment like mechanical catchments and pH logs.
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Noise Pollution:

Recycling of concretearises noise, vibration, as well as dust due to the equipment
used. These impé& cannotbe completely eliminated, but they can be mitigated using
certain techniques. Some of the techniques to mit{@atgder et al. 201&uch issues are:

1 Recycling operations must be conducted away from sensitive areaasuch
residential and corporate areas.
1 Providing noise attenuatn barriers.

1 Minimizing drop height of the materials.

The environmental impacts of RCA can be reduced through planning and design
consideration, use of conventional best management practice® (B#) and thro
construction controls which are readily imple n t a b | are cuRe@iyAudes by many

state DOTs with good results in sustainability, and appri@pdasign to mitigate the
environment effects can promote the use of RCA as an engimeatedal for construction

(Cavalline 2018; Snyder et al. 2018)

2.1.1.2Recycled Asphalt Pavement
2.1.1.2.1 Introduction

Reclaimed AspHaPavement (RAP) is a mixture of old asphalt binder and the
aggregates produced by reting hot mix asphalt. RAP is a constructionrmpduct which
is obtained from milling and removal of old asphalt paver{eopeland 2011)I'he United
States highway industry generates about 100 million tons of RAP through reconstruction
and rehabitation of existing hghway pavement¢Topcu and Isikdag 2009The use of

RAP as waste material in pavement corgtam reducedte emisionof greenhouse gases
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and it behaves as a sustaimablaterial for improvinghe environment healtfChen and
Wang 2018)
2.1.1.22 Impacs of RAP on Fresh Conete Properties

The workability of fresh concrete with RAP #ise aggregate replacemenis
foundto decreas, as evidenced by reducsidmp valus for constant water contentat
RAP replacement levslof 25%, 50%, 75% and 100% by bkt of fine aggrega, the
slump value decreased by respectively 29%, 61.3%,74r&%100% (zer slump). The
reduction in slump was attributed to the angular shaperatdgher water absorption of
fine RAP aggregatevhich was about 204% d¢iie naturalaggregaté absorptio (Singh
et al. 2018)

The density of freshoncretavas constantly fountb decreas upon increasing the
replacement level of RAP as fine aggregate. The fresh densityeafontrol concrete
mixturewas 2394 kg/rf) which upon increasing thRAP replacement levelf 25%, 50%,
75% and 100% by weiglf fine aggregatereduced by 1.45%, 2.22%, 3.95% an?356
respetively. This reduction was attributed tbe lower specifiogravity of fine RAP

compaed with fine natural aggregat8ingh et al. 2018)

2.1.1.23 Impacs of RAP on HardenedConcrete Properties

The compressive strength of concrete containing RAP aggregate wasddomd
decreasd from that of conventional concrede90 dayscuring period.An almost 70%
compessive strength redtion was obsemd in the concrete mixtarcontaining 100%
RAP, whilea60%, 40% and 20% reduction was observethemeplacement of 70%, 40%
and 20% aggregate with RAP as compared to the control m{Xtiaret al. 2012)The 28

day compressive strength of concretesreduced by 6%, 17.5%, 28.8% and 36.396n



18

replacement of 25950%, 75% and 100%espectiely with RAP fine aggregate by weight
(Singh et al. 2018)Another study also obsed a reduction f09%, 16% and 18%of
compessivestrength on replacing virgin coarse aggregate with 20%, 35% and 50% RAP
respectively by weight at 28 days curing periBdandet al. 2012)

There isa significant reduction in the flexural strength of conceetgtaining RAP
aggregatedl he flexural stengthwasreduced by 50%, 40%, 30% and 20% for the concrete
containing 100%, 70%, 40% and 20% RA®both fine and coarse aggregate by volume
respectiely (Tia et al 2012) Another resealtstudyalso reported a decrease in@dy
flexural strength bconcrete containing RARs fine aggregate replacement. The strength
was reduced by 13%, 23.4%, 39.2% and 44.4%ews/ely for the replacement level of

25%, 50%, 75% and 100% fine RAP respaaty by weight(Singh et al. 208).

2.1.1.24 Impacs of RAP on Durability of Concrete

A slightincreasean water absorption of 3.5% and 8.1% was observed at 25% and
50% replacement level of fineaggregate with RAP respectivelwhich drastically
increased to 21.3% and 29.4% when the replacement increased by 75% and 100%
respectively by weighiSinghet al. 2018) The increase in water absorption \laes result
of high absorption fowater by RAP aggregates. On the othand, the water absorption
for RAP-inclusive concretevas found to increase with a thgr amount with the age
because after the 9iay curing period, the absorption was noted to increase by 26.1% and
43.1% for the replacement of 25% and 50% fine aggeegspectively by weigh{Singh
et al. 2018)

The chloride paneabilty of the concrete containing RAP aggaegywas foundo

be low in several studies. Increasing the stithtion level did not irpact the chloride



19

permeability to a significant exte(Brand et al. 2012)n a study, the author used soé
resistivity method tacorrelate to theelative chloride permability through theconcrete
containing RAP as coarse aggregaipon the replacement \el of 25% and 30%, the
surface resistivity reduced slightly by approximately 5% and 14.5% respedfivelgnas

et al. 2018)

2.1.1.3Concrete Grinding ResidueCGR)

2.1.1.3.1 Introduction

Grinding is done to remove the surfacegularities andltange the surface texture
which reduces #h friction and noise frontraffic. Concrete grinding residue is generated
during the construction or rehabilitation of PCC slabs. It is the slurry which is collected by
adding water to the fuguwe dust which is geerated while grindingKluge etal. 2018)
The particles present in the slurry contain pdigianreacted cement whiclthen reused
may exhibit cementing properties because the physical and chemical compd<itBR o
is like that of portlandgdemeni{Amin et al. 2016Hanson et al. 2010)hus, it could be used
as a cement replacement in concrete. Depending on the particle size ot C&Rj also
be used as sd replacement inaw concreté¢Kluge et al. 2018)CGR also has soméher
uses othethan cement replacement such as, wagtter teatment filters, poultrgrit,
limestone substitution in S@crubbers and for stabilization of sewage slugd@nsen
1992)
2.1.1.32 Impacts of CGR on Harded Concrete Properties
Compressive Strength:

The compressive strength of concrete mortar was fawndlecreas upn

incorporation of concrete grinding residue as portland cement replacemesdn{paring
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with control specimen containing 100% portland eetmover 56 days curing ped, the
compressive strength of 5% replacement by mass showed a reductio2@¥2@hile
20% and 35% replacement by mass reduced the strength by 20% and 55%vedgpecti
When the eplacement increased to 50%, the reducticstrehgth was in range 08% to

72% (Kluge et al. 208).

2.1.2 Byproduct$rom Other Industries
2.1.2.1CoalBottom Ash(CBA)

2.1.2.1.1 Introduction

Coal Bottom Ash (CBA) is the unburnt matter obtained from coal incineration
procesgOruiji et al. 2019)which constitute about 1P0% of coal asltArgiz et al. 2018)
andthe remaining is fly ash. It is a complex mixture of metabonates and oxides and is
considered as a waste matefjaian etal. 2020) The CBA generated frorooatfired
power plantss usuallydeposited into &andfill or stored withinponds which havecause
threats to humans arile environment due to its harmful contedaching into water
systems(Singh and Siddique 2016[pisposalof CBA in open air increases the risk of
health problems associated to lungs, skin and bladder cé®iogh et al. 2018Also, the
toxic contaminants preseimt CBA can pollutes the environment by affecting the air and
water quality(Shahbaz et al. 201L6pome of the power plants uagressure washer to
discard bottom ash from the boiléBajare et al. 2013yvhich candissolvecontaminants,
which percolate into the ground in the formle&chate andubsequentlgontaminate the
ground wate(Goodarzi and Huggins 2001)

The paticle size of CBA ison the order of conventionaind andtherefore CBA

can be used assandreplacement in concre{&ingh and Siddique 2015)hechemical
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composition of BA particlessupportpozzolanic behavior when further grinded to make
afiner particle size andsed in concretélhus,CBA has the potential to be used oncrete
as cementsand,or fine aggregate replacement. This will prevent the environment by
increasing the landfill space and air exposure of the coal bottom ash
Chemical Composition:

Thecommnents of CBA, along with the associated ranges used in AST18 ©r
use as a pozzolan in concrete, rareshown in

TABLE 2.1 Chemical Composition of Coal Bottom Ash
(Singh and Siddique 2015)

Compound Compposition (%) ASTM C 61803
requirement (%)
Silicon dioxide SiQ 56.44 -
Aluminum oxide AbO3 29.24 -
Iron oxide FeOs 8.44 -
SiOy + AlLO3 + FeOs 94.12 70 min
Potassium oxide O 1.29 -
Calcium oxide CaO 0.75 -
Magnesium oxide MgO 0.40 5.0 max
Sulphur trioxide SO3 0.24 5.0 max
Titanium oxide TiO3 3.36 -
Sodium oxide Na2 O 0.09 1.5 max
Loss onignition (%) 0.89 6.0 max

2.1.2.12 Impacs of CBA on FreshConcreteProperties
Workability:

The replacement of sand by CBA in concrete has been pronefidial in some
research studsbecause¢he CBAincreases the workability of the fresbncretemixture
One of the studies slwved that the workability was fourtd increag upon replacement
percent of 0, 30, 50, 70 and 100% by mass of ¢Bail and Basheer 2003n another

study, the workability wadoundto increag only up to a25% replacement level by mass
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of sand uponwhich further replacement percent of 50, 75 and 100% was deci@&ssed

et al. 2005; Rafieizonooz et al. 2018he increase in workability was duette useof
saturated wface dry bottom ash as sand replaceent which tend to improve the
workability of fresh concretdue to both the increased moistureteom(Rafieizonooz et

al. 2016) On thecontrary, the workability of concrete decreasdwnusing oven dried
CBA, as the slump flow ah passing ability of ighly workable (self-consolidating)
conaete drops whe bottom ash is addetb the mixure in the range of 130%
replacement ofine aggrgate.This reduction was due to the voids present in the structure
of the oven driedCBA, which absorbedhe mixing water and reduced the slump value
(Singh and Siddique 2016)

The replacement of portland cememith finely ground CBAshowed vaable
results for wokability in different studies. In one tifie studies, the workability was found
decreasing by 10% on incorporation of 10% of grinded CBApexland cement
replacement by mass. The reduction in workability was due to the uneven s$extace
of CBA partides whichabsorbsadditional water durigg mixing (Mangi et al. 2019)

Density:

The dry bulk density of concrete was found to decreasenwBBA was
incorporaed into the mixXure In oneresearch study conducted, the decreasgrynbulk
density as compared that of thecontrol mixure varied between 1.76% and 9.97%
dependig on the CBA content in the concrete. On incorporating CBA as 100%
replacement of sand by masise dry bulk density of conete mixture decreased by 10%.
The reason for the reduction in density was the low specific gravity of coal bottom ash

(Singh and Siddique 2®).
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2.1.2.13 Impacs of CBA on Hardene®€oncrete Properties
Compressive Strength:

The use of CBA aasand replacement affects tbad beang capacity of hardened
concrete. Some of the studies found that the replacement of sandB#itkenhances the
compressive strength. One of the studiesifbtinat the replacemeat 40% sand by mass
of CBA producessomeconcrete with higher strgth concete compared to the control
specimenAnotherstudyfound that replacement of sand with 25%l &9% by mass of
pretreated clas§ CBA (which is finer and &s low carbon contenproduces lighter
autoclave aerated concrete with enhanced strength whichttsiasited to the pozzolanic
reaction which generates tobermorite (a calcium silicate hynaiateral).

The replacement of portland cement withely ground CBA was found to be
beneficial in many studies. The authors found a drastic improvement inipressive
strength of concrete until the replacement level of 20% further which due toelyldow
reactivity of grinded CBA at early ages, the decrensésbmpressive stretiy at 90 days
curing was observe@argan et al. 208). The compresge strength was founid increag
by 516% replacement of 5, 10, 15, 20 and 25% of portland celoyenkight of grinded
CBA at 28 days curing periddargan et al. 2003Also, an enhancement in compressive
strength of up to 10% was observed on replacement percent of 9, 23, 33 and 41% at
constant w/c ratio of 0.5Abdulmatinet al. 2018; Jaturapitakkul and Cheerarot 2003;
Oruji et al. 2017)The inceasen compressive strength is due to the finer size of grinded
CBA (i.e. 4.5 um which increases the hydratiggroducts formed during pozzolanic
reactionbecause of its inheremore refinement action that fills the pores in the paste

(Abdulmatin et al. 2018)
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Modulus of Elasticity:

Changes in concrete modudielasticity appear to be driven by the gradation of the
CBA utilized in the mixture. For exampldad incorporation of CBA a&sand replacement
of fineness modulus 1.97 decreased the modulus of elasticity of concrete. The dacrease
28 days modulus dlasticity varied between 5.2 and 20.M#hereaghe incorration of
50% CBA as sand replacement of fineness modulus 2.58 showed comparable results as it
was nearly 98% of the control concrete mixture and 100% replacement wasl&gout
lower than the combl mixture. However, the modulus of elasticity of CBA cuate
showeda constant increase with age but tiespectivedifference with control miture
remairedthe sameat 90 days curing perig&ingh and Siddiqu2016)
Abrasion Resistance:

Concrete containing CBA as a sand replacement has been shown to have reduced
abrasion resistana®mpared to conventionabncrete In one tudy, concrete containig
CBA asa 50% by massand replacement showadthe abrasion resistance decreased by
27.52,16.57 and 20.96 at 28, 90 and 365 days respectively compared to the cottrel mix

(Singh and Siddique 2016)

2.1.2.2Rice Husk AsiRHA)
2.1.2.2.1 Introduction

Rice Husk Ash (RHA) is an agricultural waste as it is produced by controlled
combustion of rice husks which are obtained miyniice harvestingThe ash produced
through combustion is in the form of norystalline or amorphous silica with cellular
structure. When the rice husk is properly burned and grindechuld be used as

replacement to portland cement in conc(@&ekzon and Chindaprasirt 201&®HA could
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also be produced through open field burning or uncontrolled combustion inriadust
furnaceqdMehta and Monteiro 2017[Rice husk is obtained inlargequantitydue tothe

significantly high production of ricaroundthe world Rice husks consderedas awaste

prodwct because it cause envi ronment al poll ution. Al mo s

which corresponds to 145 million hectares of land is utilized for rice farming which
comprises half of all food consumed by 1.6 billion pe¢plemad et & 2017)
2.1.2.22 Impacts of RHA on Fresh Concrete Properties

RHA possess pozzolanic propes due to its high composition of silica {80%).
It alsoincludescarbon (0.415.91%) and alkali oxides (0.9661%). RHA is beneficial for
increasing compssive stregth, workablity, bending strength and lowering the hydration
temperature permeability,and bleeding ofa concrete mix.lts chemical and physical

composition is shown ifable 2.2.

TABLE 2.2 Chemical and Physical @gositions of Rice HusRsh
(Arel and Aydin 2018)

Analysis % Composition

SiO 88.4%

Al203 0.21%

FeOs 1.1%

CaO 1.3%

MgO 0.2%

SO 0.4%

Na.O 0.4%
K20 1.77%

Loss on ignition 2.8%

Specific Surface Area @flb.) 118,155

Mean Particle Size (um) 4.12
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2.1.2.23 Impacts of RHA on Hardened Concrete Properties

Cement replacetty mass ofRHA by 30% increases almost 60.5¥ 28 days
compressive strength with about 6.74% decrease in pore voluhe compared to a
control mixture (Qing-ge et al. 200¢ On the othehand,a 15% replacemenncreasd
setting time, 2&8lay compressive strength (35%gxuralstrength (19.9%), tensile strength
(15%). and 20% aye comparatively higher compressive strength (14.6%
(Venkatanarayanan and Rangard)d2) Theprimarydrawback of replacing cement with
RHA is thatit tends tadecrease thewsinpand workability of afreshconcretamixture (Arel

and Aydin 2018)

2.1.2.3Sugarcane Bagasse Ash (SCBA)
2.1.2.3.1 Introduction

Sugarcanbagasse Ash (SCBA) is obtained from
(also known as bagasse) ¢éogenerabn plants of sugarcane industries at temperature
levels between 500 and 5%0. It is one of the major bgroducts from the agriculture
industry- every 10 tons of crushed sugarcane produces about 3 tons of l&rsstal.
2017)which is generallynonusable and is landfilled, causing environmental pollution.
According to researcpublishedin 2014 (Fig2.1), United States produces about 2% of
sugarcane bagasse, while its largest produicehe world are Brazil and India with a hold

of 50% of worl dés production vol ume.
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FIGURE 2.1 World production of sugarcane bagasseyfamd metric tons) in 2014
(Zareei et al. 2018)

Chemical comosition

TABLE 2.3 Oxide compositions of SCBA obtained from XRF test
(Gar et al. 2017)

Oxide Average (W1t.%)
SiO. 69.94
MgO 6.68
P20s 6.12
K20 5.83

Al>0s 3.34
CaO 2.27
NaO 1.49

FeOs 1.25
SGs 0.42
TiO2 0.088

Cr,03 0.078
MnO 0.059
SrO 0.03
CuO 0.02
ZrOz 0.02
ZnO 0.01
RO 0.01

Ni2Os 0.01
LOI 2.35




28

From the chemical compositi@mown inTable 23, it can benotedthat the grains
of SCBA showpotentialpozzolanic properties due to high amount of silica (7d%. ash
produced by combustion consists of high amount of amorphous silica which could react
with free lime produced during cement hydration and form s&eate hydrate, which
significantly impraves the durability along with the mechanical properties of concrete
(Paya et al. 2002)The particle size idtribution of SCBAIs similar to that of prtland
cemeniZareei et al. 2018 and maximum sizis typicallybdow 100 um(Gar et al. 2017)
Initially, the particle size of raw bagasse ash is large and highly pevbich requres
more water and lowers the compressive strength of concrete. However, these particles
when finely grounded up results in increasing the compressive strength due to greater

reactivity as a result of larger surface afZareei et al. 2018)

2.1.2.32 Impacts of SCBA on Concrete Properties

The mechanical properties of concretataining SCBAwvereevalweted by Chailp
et al.(2009), who foundhat portland cement replaced byl8% bagasse ashy weight
of binderincludedin the concrete improves the strength compared to the reference sample
(Chusilp et al2009) The optimum percentage SBA utilized to increaseompressive
strength and lower water permeabildy 28 and 90 daysias dtermined to be30%
(Chusilp et al. 2009)In another study, lte optimumSCBA replacemenbf cementfor
increasing the ampressive strengtlivas 20% by weight of cementwhich if further
increased to 25% or 30% resultsaimeduction othe compressive strengtAmin 2011)

A more recenttsidy was pdormed by Zareei et al. (2018)Some of the test
performed by Zareadt al. to determine the properties of concrete with bagasse ash in fresh

and hardened states are listed in the Ta#le 2.
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TABLE 2.4 Standard test to determaroncrete properties in fresh and hardened states

(Zareei et al. 2018)

Test Standard Age

Slump test ASTM C143/C143M12 Fresh concrete
Fresh density ASTM C138/C138M14 Fresh concrete
Water absorption ASTM C64213 28 Day
Compressive strength ASTM C39/C39M14 28 Day
Splitting tensile strength ASTM C496/C496M11 28 Day

Impact resistance test ASTM G54 28 Day
Ultrasonic pulse velocity ASTM C 137/C 59716 28 Day

From thetests,it was found thaZareei etal. 2018)

The slump value increases wihincrease in SCBA&ontent. Tle fresh density of

the mixurewill also increase with an increase in SCBA conterdause SCBA has
lower density as that of cement. Thus, the optimum value of cement replacement
was determinedo be 20% to obtain the desired workabibfythe mixture (a slump

of 4 inches) while additional SCBA addedcan result inexcessive slumpsf the
mixture.

Increasingreplacement of cement by 20%y weight of SCBA resulted ina
redudion of tensile srength of the concrete mixture by 29%.

Incorporating SCBAwhen tested in low weight concrefeWC) and sel
compacting concretdSCC) at a 5% replacement ratef cement by weight
significantly increase the impact resistance &@WWC and SCCby 38% and 53%
respectively which suddenly reduced by 37% and 53% respectively while
increasing the percentage of SCBA to 1(Barther when the percentageas
increased to 25%, the impact resistance increased up to 27% and 16% respectively

in LCC andSCC
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4. The water permeabilitymeasured via the ASTM C642 testcreased with
increasingSCBA content. Forcement replacement @5% by weightof SCBA
water permeabilityncreased by 2% compared to the control mixtyrenis could
be due to the carbon content ahdincreasing voictontent inthe sample which

produced more porous concrete.

Based on the results obtained, Zarekial. concluded that SCBA in general
improves the performance of concrete when cement iscegpleith SCBA by 5% by

weight

2.1.2.4Crumb Ruibber

2.1.2.4.1 Introduction

The inagease in number of vehicles has led the amount of wiaetdd increase
around the world. Around 1000 milligmeswhich are completely used are discarded every
year whtch will reach to 1200 millioniresby the yea?030 (Pachecerorgal et al. 2012)
The waste rubber generated from usexsis considered as one of the magmvironmental
problems faced by every country around the globe due to the disposal problems as well as
health hazardéAl-Tayeb et al. 2012)Rubber particles obtained from us@@s can be
reused in many ways which are environmentally friendly and one of those pradiice
reuse them in concrete as aarhor aggregate replacement to reduce the high demand of
natural resources which is considered as unsustainable practice. The usable rubber can be
extracted fromite through shredding process with the help of electroetag separate
out the steel fiberAiello and Leuzzi 2010)

Rubber aggregates from usgcks increase the energy absorption capaoity

concrete, protecting ftom damage due tompact This is because the rubber aggregates
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possesa relativelylow elastic modulusvhich allows displacement upon impartdudng
the damage due to collisioflBopcu and Avcular 1997)For this reamn, rubber aggregates
their use has primariligeenin concrete jersey barriers afmltside of the United States)
in road pavement¢Bravo and De Brito 2012)It is also suggested to use watte
rubberized concrete as vibration dampers in foundatios feadotating machinery and
railway stations(Fattuhi and Clark 1996)sound barriers in highway construction,
earthquake shoeWwave absorber in building®vcular 1997) From the ultrasonic echo
technique conducted on rubberized concretejais found that concrete is an effective
absorber of shaking energy and soKtialoo et al. 2008)The presence of rubber in
concrete can offer better protextito the steel reinforcement from corrosion because it is
capable of reducing water absorptiordavoid water propagatiofAiello and Leuzzi
2010)

The unit weight otire rubber particlehas beemeported as 1.15 g/chtKhaloo et
al. 2008) 0.84 g/cm (HernandezOlivares andarluenga 2004and 0.9 g/cri(Bignozzi
and Sandrolini 2006 hese variations could be probably due to the origin, type (car, truck,
motorbike etc.) of the rubber.
ChemicalComposition:

TheTable 25 shows different chemical found in the rubbéiat is obtained from

usedtires
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TABLE 2.5 Chemical Composition of Discardddre Rubber
(Thomas et al. 2014)

Test Results
Ash content, % 5.11
Carbonblack content, % 28.43
Acetone extract, % 9.85
Volatile matter, % 0.56
Hydrocarbon content, % 56.05
Polymer analysis SBR

2.1.2.42 Impactof Crumb Rubbeon Fresh Concrete Properties
Workability:

The workability ofa fresh concrete migre increases on partially substituting the
fine or coarse aggregates with rubber shreds. It was found that when coarse aggregates are
replaced by 2550 and 75% of rubber by volume, the respective slump increased by 22,
19.5 and 19.5%. Also the replacemehtime aggregate with rubber showed similar result
for slump with slight variationfAiello and Leuzzi 2010)
Density:

The density of crumb rubber decreagdth anincrease the rubber conteit was
reported that on replacing the coarse aggregate or finegaggi®0% by volume of rubber,
a density decay of 5.8% and 6.0% respectives observed. Similarly, for 75%
replacement by volume, the corresponding density decay is 8.8% and 8.3%omfiims
that the density or unit weight of concrete decreases on increasing the rubber content
(Aiello and Leuzzi 2010)This change in density is a result of differences in density of

nomal aggregate and rubber aggregéBravo and De Brito 2012)
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2.1.2.43 Impactof Crumb Rubberon Hardened Concrete Properties
Compressive Strength:
The compressive strengtii crumb rubber concretgasevaluatedoy comparison
of conventional concrete with different types of replacements of cement and aggregates
with different percentagesplacements by volume, it was found that:

1 When sand is repladewith 5, 10, and 20% by volume of fine crumb rubber-0.4
1.0mm), the compressive strength reduced by 13, 21, and 28% respectively.
Similarly, for the same percentplacement of sand by anb rubber (1.0mm),
compressive strength again reduced by 11, 1%,18%. When cement is replaced
with the same percent by rubber powder (01&mm) the respective reductions
were 19, 32 and 53%Al-Tayeb et al. 2012)

1 When coarse aggregates are replaced with 50% and 75% of slreels by
volume, the ompressive strength reduced by 54% and 62% respectively. Whereas
for same replacement pent of fine aggregate with rubber shreds, the compressive
strength reduced by 28% and 37#6ello and Leuzzi 2010) Further, if both the
aggregates together are reglddy 50% and 75% then the compressive strength is

respectively decreased by 57% and {0%utanji 1996)

In onestudy conducted, it vgafound that varying the crumb rubber replacement
percent in the concrete ntixu r fimed aggegates may reduce the compressive strength,
tensile strength and modulus of elasticity of the concrete, but it can be compensated by
changimg the watercement rab, cement content and cement to aggregate ratio of the

mixture The reduced strength from the addition of crumb rubber was mitigated by using



34

extra cement which eventually increased the cost of producing the mix by approximately
5-12% of the normal concte(Mendis et al. 2017)
Impact Resistance:

The impact resistance of concrete was reported t@aser with the increase
rubber content in the concrete. The replacement of cement by 5% and 10% of crumb rubber
powder by volume increased the first crack resistance by 26% and 68% respectively, which
was reduced to 46% when replacement increased to R0%crease of ultimat failure
impact resistance by 6% and 13% was observed when cement is replaced similarly by 5%
and 10%, which reduced to 2% when replacement increased b{A2ORayeb et al. 2012)

When sand was replaced with crumb rubber by 5, 10 and 20% by volume, the first
crack impact resistamcinaeased by 31, 78nd 105% respectively and ultimate failure
impact resistance increased by 5, 21 and 34% respectively with fine rubb&rOiuh)
and 16, 25 and 50% respectively with crumb rubber$106hm). In case of impact energy,
the replacementdf coarse aggregate thichipped rubber up to 50% increased the impact

energy of the concrete and beyond 50% it started to ddélinEayeb et al. 2012)

2.1.2.4.4 Impacts of Crumb Rubber Darability of Concrete

In a durability study conducted on high performance concrete with partial
replacement odand with wastéres it was reported that when 5% sand was replaced with
rubber and cement was replaced by 15% fly ash and 15% metakaolin had similar resistance
to sulphuric acid attack as of actual concrete without replacement. While the replacement
of cement with 45% fly asand 15% metakaolin shows a high resistance to sulphuric acid

resistance independently of the rubber waste co(®aetvedo et al. 2012)
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2.1.2.5Crushed Glass

2.1.2.5.1 Introduction

A municipal solid waste report published by Environmental Protection Agency
stated that 11.5 million tons of waste glass was generated in the United States in the year
2013 among Wwich the maximum proportion was of selil@me bottes. Out of the glass
wastegenerated, 26% was recovered for recycling in 2013 whereas 74% of waste glass
collected was landfilledAfshinnia and Rangaraju 20163lass powder obtained by
crushing waste glass to the desired sh&ps beenproven to have pozzolanic
characteristics according to ASTM C618 whichtetdhat the sample containing glass
powder musprovide at least 75% of ttetrength of the control sample at both 7 days and
28 days of age. The strength index found out to be 83.38% and 87.12% at 7 days and 28
days of age which meets the requirement8®fM C618 and can be considered as class
C and class F pozzolanic materigddiabdo et al. 2016)

In order to be used in concretbe glass needs to follow seven procedures which
includes, washing, crushanmilling, sieving (wet and dry), sedimentation and uniformity
control to be obtained in powdered form with size range éf%®m and 625 mm.

Chemical Compositions:
Typical dhemical compositions of recycled glass sand and glass powder are shbalien

26.
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TABLE 2.6 Chemical Compositions of Crushed Glass
(Taha and Nounu 2009)

Chemical Compounds Recycled Glass Sand Glass Powder
CaO 10.63 8.61
SiO; 72.13 72.26

Al20s3 1.78 1.04
FeOs 0.36 0.17
MgO 1.26 3.89
NaO 12.4 13.31
K20 0.64 0.52
TiO2 0.06 <0.05
Mn3Oa4 <0.05 <0.05
SrO <0.05 <0.05
P20Os <0.05 <0.05
V205 <0.05 <0.05
Cr.03 0.09 <0.05
BaO <0.05 <0.05

2.1.2.52 Impactof Crushed Glassn Fresh Concrete Properties
Consistency and Homogeneity:
Addition of glass aasand replacement causselerakchanges in the properties of
fresh oncrete including
1 Theconsistencyvas reduced due to lack of fing® recycled crushed glass
1 Wet density was reduced due to the lower densithi@fecycled crushed glass
1 Segregation and bleeding occurred due to the smooth surface and negligible water
absorbingoroperty of glass which reduced the cohesive forces inside the concrete.
The consistency of thmixture was also reduced as a result of sharp edgekeof

recycled cushed glass/hich incrased the frictional forces inside the concrete during
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handling andmixing. On the other hand, when cement was replaced by pozzolanic

glass powder (PGP), no significant changes in the slwagobserved while the wet

density of the nx dropped due to the lower density of P@Rha and Nounu 2009)
Workability:

The slump of fresh concrete was found to increasing with the addition of glass
powder in the miture. There was a systematic increase in slump from 40 mt6Q@om
when40% of glass powder by weight passing through 1380 sieve was added into the
mix (Kumarappan 2013)he enhacement of slump was also reported in a research study
on replacement of cemetty weight p to 40% of glass powder of size 60Am
(Chikhalikar and Tande 2012yhe workability of concrete minredecreased by using the
crushed glass particles as coarse aggregates. The slump value oftthre coixtaining
coarse glass aggregate decreased by 50% compared to the one containing normal
aggregategAfshinnia and Ragaraju 2016) On using angular shaped glass powder of
about 75mm size, there is a negative effect on the workability of (andhiyan et al.

2013) From the test conducted on thater reqirement of the mix, it was found that the
water demand decrease by 0.4% on 5% of cement replacement by weight with glass powder

(Aliabdo et al. 2016)

2.1.2.53 Impactof Crushed Glassn Hardened Concrete properties
Compressive Strength:
In one study(Aliabdo & al. 2016) the compressivetrength ofa mortar sample at
3 days and 7 days was found to incegasabout 4.45% on cement replacement up to 10%
of glass powder by weight, which gradually decreased on increasing the replacement

percentage. lvas obsered that on increasing the percentage ofa@meplacement by
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15%, 20% and 25% the compressive strength at 28 days age was reduced by 9.4%, 11.1%
and 12.5% respectively for 45MPa concrete grade. The author suggested a reduction in
watercement atio to elminate the strength reductices they foundan increase in
compressive strength from 40 MPa to 45a\Br 15% replacement of cement by reducing

the WI/C ratio from 0.35 to 0.32. While using the glass powder as cement addition, it was
found that he compresse strength increased by 46/ 14.6% and 8.8% with 5%,10%

and 15% addition of glass powder by weight of the cement respectAiedypdo et al.

2016)

Splitting Tensile Sength:

The 28-day splitting tensile strengthas beemeported to decrease on addition of
glass aggregates as comphte normal aggregate, it was 20% less. On the other hand,
addition of glass powdesaandto concreteat a20% replacement byeight increased the
tensile strength by 21%Vhen used ag20% cement replacemebly weightit reducel the
splitting tensile strengtly 12% (Afshinnia and Rangaraju 20163eplacement of natural
sand by recycled glass satid notresult inmuch difference in tensile and flexural strength
of the concrete up to 20%piacement  weight. However, a decrease in tensile strength

of about 15% was observed on increasing the replacement t¢TebAama et al. 20).

2.1.2.5.4 Impacts a@rushed Glass dnurability of Concrete

Concreteods durability i s mostly affect
hardened concrete. Wh natural sandvas replaced with recycled glass as sand, an
improvement in bloride ionpenetration was observddse of a20% replacement of sand
reduced the permeability by 56 days and was exhibited as moderately permeable, while

increasing the replaceat level to 40% was found to have kest chloride ion penetration
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with an inprovement 29% and 32% at 28 days and 56 days respectively and 60%
replacement showed 20% and 19% resistant at 28 days and 56 days resgféativahna
et al.2020)
Environmental Impacts:

The reduction of conventional aggregates and increasing the glass aggregate
significantly reduced the COemission by about 17%. The figure below shows the
reductions of C@ foot prints ondifferent replacements of normal or conventional

aggregates with glass wagkashid et al. 2018)
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FIGURE 2.2 Environmental impact evaluation of mixture containing Glass Waste
(Rashid et al. 2018)

2.1.2.6Brick Waste

2.1.2.6.1 Introduction

According to several researstudes, it has been found that bricks obtainednfro
demolition of existing construction has the potential to be used as a material for
repla@ments of conventional materials in concrete. It has been estimated that brick will be

the most significant material in construction after concrete over the ngas&(AGO
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2006) It has been estimated that approximat&@o of the construction and demolition
waste for a construction site is cabtited by oncrete and brick. The landfilling of
concrete and brick costs up to $136/ton, while if they are recycled it may cost only around
$21/ton(Lennon 2005) The total production of clay brick around the world is 6.28*10
tons out of which 7*1®tons of brick are landfilled each yefdralchandani and Maithel
2013) Thus, the use of waste brick needs to be optimized to reduce the extreme landfilling,
one way of doing is by using them as a replacement in concrete
ChemicalComposition:

Table 27 shows the various chemical compositions of waste clay bricks which
could be used in concrete.

TABLE 2.7 Chemical Composition of Clay Brick
(Adamson et al. 2015)

Chemical analysis (%) Clay brick
Si02 69.43
Al203 17.29
Fe203 6.4
CaO 0.51
S03 2.54
MgO 1.14
Loss on ignition 0.17

2.1.2.62 Impactof Brick Wasteon FreshConcreteProperties
Workability:

The wokability of concrete mix containing brick as a replacement to coarse
aggregatest constant watecement ratiovasfound to increaseompared to the control
mix. This is oftendue to he porosity of brick whictholds more amount of wateas
compared to natral aggregatandin returnimproves the workabilityof fresh concrete

(Adamson et al. 20150n the other hand, on replacing cement with brick povade
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different grades affected workability differently. It wasted that only minareduction of
about 13% in slumpook place when the replacement level of brick powderr(@0pwas
kept to 10% by volume of cement which slightly reduced on increasingetbentagé¢o
20% but further increase in replacement pergato 30% caused aadtic reduction in
slump value from about 6 inches to about 1.2 inches (almost @&®t al. 2015)
Density:

The density of normal concrete on replacement of brick as coarse aggregate was
found decreasing on increasing the substitution lduel to the lower density ddrick
aggre@te One of the studies found the reduction in density was below 5%0&n 5
replacement of coarse aggregate and on increasing the replacement to 100% the loss of
density was 22% for fresh concrete and 16% for hardened co(Gmiralez etl. 2017)

The variation in density can been h Table 28 where the increase in replacent percent
by 25% and 50% reduced the density of hardened cor{éméenson et alk015)

TABLE 2.8 Density of hardenedoncrete containing brick aggregate
(Adamson et al. 2015)

Samype type | Bulk density, | Bulk density Bulk density | Apparent
dry(g/mm3) | after immersion | after boiling density(g/mm3)
(g/mm3) (g/mm3)
Control 2.24 2.40 2.41 2.68
25% brick | 2.16 2.31 2.32 2.55
50% brick | 2.11 2.27 2.28 2.53

The density of light weight concrete wasind b increag upon increasing the
replacement of coarse aggregate with waste brick aggregate. The density increased by 1%
on replacement of 25% by volume of coarse aggregate which kept on increasing and when
thereplacement increased by 100% the dgnaitreased by about 6.5%. This increase in

density was attributed to the water absorption capacity of bricks during curing process
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(Ibrahim et al. 2013)On the contrary the density of normal concrete was found to decreas
upon increasing the waste bkias refacement of coarse aggregédelamson et al. 2015)
2.1.2.63 Impacs of Brick Wasteon HardenedoncreteProperties

Compressive Strength:

The incorporation of tick waste as aggregate in corterdasresulted inlower
early age stregth which could be attributkto its higher water absorption comparetéss
porous conventional natural aggregatdswever, with time the strength was fourtd
increase due to thepozzolanic characteristics of finely grounded brick powder from the
brick aggre@te (Khalaf and DeVenny 2®). When waste brick powder was usesl a
cement replacement, it showed good results when the replacemers [Ey# ly volume
of cement as compressive strength insesl by 6.5%Letelier etal. 2017)

It was noted thahecompressive strength of the rhixeincreasesipon increasing
the amairt of brick content, as determined the L.A. abrasiorntest. Thiscould be due to
the high strength of brick aggregate compared to the natural agg(Adarasm et al.
2015) On the contrary, the compressive strength was found to deate@& ratio of 0.35
by 22%, 25%, 47% and 60%pon increasing the replacemdavelsto 25%, 50%, 75%
and 100% respectively by volume of natural aggreff@ae et al. 2012)The reduction in
compressive strength wadtributedto the porosity of the brick aggregate¥he nore
porousthe brick aggregate¢he greater the anticipated reductiorcompressive strgth
andvice-versa(Khalaf and DeVenny 2005)

Modulus of Elascity:
Concrete with waste brick powder as a substitute of cehanbeen found te@sult

in agradual decrease the modulus of elastity up to al0% replacement of cement by
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volume. However, when the replacement increased to 15%, there a slight positase
in modulus of elasticityvas observed. However, the measured moduletastcity was
still about 3.6% below the conventional nfbetelier et al. 2017)

The useof brick waste aa replacement fatoarse aggregate in concrete strongly
affects tle modulss of elasticity For exampleijt was found that 100% replacemenit
coarse aggregate with brick waste weight reduces the modulus of elasticity by 60%
(Gonzalez et al. 201,7/%0%(Debieb and knai 2008jand 45%Cabral ¢ al. 2010)n three
differentstudies. In anothestudy, the modulus of elasticitwasreduced by 30%Alves et
al. 2014) and the dynamic modulus of elasticity was reduced1b94Khatib 2005jor
100% replacement of coarse aggregate with brick aggregate by mass for concrete of
strength less than 50MPa. The reduction oftielasodulus isdue tothe lower rigidity of
brick aggregate than natural aggreg@enzalez et al. 2017)
2.1.2.64 Impacts of Brick Waste dDurability of Concrete
Chloride Penetration:

Concrete madaeaitilizing brick waste exhibéd satisfactoryresultswhen teted for
chloride ion permeabilitf{Cavalline 2012) However the chloride ion permeabilitpf
concrete containing brick was increasedmpared to the control mix with natural
aggregaes(Kibriya and Speare 1996)he chloide penetration was found to increagth
anincrease in brick content. From a@kto 6 momh, thechloridepenetration increased by
16% and 24% for brick replageert of 25% and 50% respectively by weight of aggregate.
The primaryreason behind thisicrease in chloride permeability the porosity of brick
which mayincrease the permeability the mncrete(Adamsam et al. 2015)Thechloride

ion permeabilityperformance obrick aggregateoncrete showed Her resultsupon use
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of highrange watereducing almixture (Cavalline and Weggel 2013Yhus use of
chemical admixturesould be a convenient solution for increasing the durabdity
concreteutilizing waste products

One of the major advantage of the incorporation of brick as a replacement to fine aggregate
is that it can perform welhiresising the freeze and thaw cygcbf the concrete due to the

high porosity of the mix contributed by bricldstvan and Sereda 197.8)

Shrinkage:

The shrinkage ofonaetemixturescontaining waste brickggregate was found to
increag with the increase of replacement partage. Up to 50% of replacement, the
shrinkage value abilizes at the end of the test period but when the replacement exceeds
50%, the shrinkag gralually increased overtime which calbe due to high volume of
water retained in the pores of brick aggregé@syarre et al. 2019)
2.1.2.6.5 Impacts of Brick Waste on Pervious Concrete

The poperties of pervious concrete were tested by varying the pereesit&{A
and crushed brick in the riture. The author noticed a significant loss in the compressive
strength of the concrete. The concrete containing 50% of crushed brick by weight showed
37.1% compressive strength (28 days) from the normal concrete Waniled5%
incorporation it was around8o. Thus, the author recommends 15% of crushed brick along
with RCA (for the remaining fractionjo beused for the pavement bases with moderate
traffic. For hgh traffic roads, the incorporation of crushed brick isrecbmnended. The
water permeabilityf concrete 15% and 0% crushed brick was fotankdavethe highest
water permeabilitywith a value of 0.69 cm/s and 0.66 cm/s respectively while the one

with 50% crushed brick was the lowest with a value of 0.18 dimésyreaon being the
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increase in wateabsorption at high ratio. The use of crushed brick in pervious concrete
has some adverse effects on thamdyghrinkage of the permeable concrete as the rate of
water loss 50% substitution was 9.35% which was 4.6 ¢ifitre concrete with 0% crushed
bricks. However, the deformation of pervious concrete with 50% crushed brick was 0.53
mm, which was not much as compared to the dense concrete. Due to the presence of free
water inside the voids of permeable concrete,lts offree water does not cause the
concrete to shrink. Thus, the presence of crushed brick does not much affect the shrinkage
of base laye(Caiet al. 2020)
2.1.2.66 Uses of Crushed Brick iRavement Foundation

Crushed brick obtained from the demolition of existing structure can also be used
in permeable concrete for the road base. A study conduct€dima (Cai et al. 2020)
suggested theise of crushed bricks along with recycled concrete aggregate (RCA) in
differentproportions affectthe properties of the resultant permeable concrete in different
way due to the differences in individual properties. The properties of coarse recycled
aggegate(i.e. the mixture of various proportions of RCA with crushed briglshow in
the Table 29. Table 29 shows that as the ratio of crushed brick increased, thetglefsi
the recygled aggregate decreased while the water absorption and crushirginaieased

(Cai et al. D20).
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TABLE 2.9 Properties of the Coar$tecycled Aggregate
(Cai et al. 2020)

Technical indicators

Apparent| Crushing| Water | Content| The light
Mixed type | density/k| value | absorption| of needle | component
gmi 3 (%) (%) partials | shape (%)

<0.075 | paricle
mm (%) | contert

0
100% RCA 2673.0 23.3 4.35 1.8 (0/07) 0.7
85% RCA+15% 2438.1 27 6 1.7 0.9 0.6
70% F\?(?A+30% 2228.3 30.3 7.4 2.2 0.6 0.6
50% F\?(?A+50% 2044.2 38.7 10.4 1.6 0.5 1.3
10(;:)/? CB 1561.1 42.7 154 1.3 T 2.5

Note: The % ofCB is theweight of the coarse aggregates. The aggregates of each particle size were sorted

and then proportionally blended to fit the tgetdaion according to the density and volume conversion.

2.1.2.7Mixed Rubble

2.1.2.7.1 Introduction

The cost fordisposing & constructim and demolition(C&D) wastes has been
increasing graclly over recent years One cause of this increased costli® to the
increasing amount of waste generated ftheconstructon industry whichhasled to the
decrease in redy accesdble disposal sites around major cities. The United States is one
of the biggest producers of construction and demolition waskeaxtdal of around 500
million tons per yeafAkhtar and Sarmah 2018)

The aggregates tbe used in concrete need to be well gdatdefore use and
thereforethe debris obtained from demolition has to be crushed and sieved accotdingly
obtain the required size dfi¢ aggreg& The contaminants in mixed rubbéee highly

dependent on the source structure and the demolition processagrndclude madrials
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such asmortar, bitumen, glass, chloride and sulphates, soils and filler materials, gypsum,
organic matter, ks and oher types of debridepending on the structure from which the
rubble is obtainedOne range osuggesteanaximum amourgtof impurities that can be
accepted in the recycled aggregates arengivehe Table2.10in which three types of
aggregatesre displged. Type 1 aggregate consists of 100% recycled brick, Type 2
aggregate consists of 100% recycled concrete and Type 3 aggregate obasidend of
natural and recycled aggregatEsalaf and DeVenny 2004)

TABLE 2.10 Maximum Allowable Values folmpurities in Recycled Aggregate
(Khalaf and DeVenny 2004)

Type of aggregate

Mandatory 1 2 3
reqguirements
Minimum dry particle 1,500 2,000 2,400
density (kg/m)
Maximumwater 20 10 3
absorption (%)
Maximum content of o} 10 10

material with SSD <
2,200 kg/mi (%)

Maximum content of 1 1 1
material with SSD <

1,800 kg/mi (%)
Maximum content of 1 0.5 0.5

material with SSD <
1,000 kg/mi (%)
Maximum content of 5 1 1
foreignmaterials (glass
bitumen, soft materials

etc.)
Maximum content of 1 1 1
metals (%)

Maximum content of 1 0.5 0.5

organic material (%)

Maximum content of 3 2 2
filler (<0.063 mm) (%)

Maximum content of 5 5 5

sand (<4 mm) (%)
Maximumcontent of 1 1 1

sulfate (%)
Note: SSD = Saturated dry density
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Economics of Mixed Rubble:

The economic®f recycling the mixed rubble depends upon the cost of sorting,
crushing, screening, transportation to the crushing plant and transpottasde. While
on the other hand, the cost incurred in obtaining natural aggregdueesextraction
through dreding or quarrying, and transportation to the site. There are various
environmental factors that are affected during the extraction protesth the natural and
recycled aggregates such as, landscape scarring, vibration, dust, visuednrdng the

factors associated with the transportation of the final profiitalaf and DeVenny 2004)

Natural
Aggregate

Excavation Transport to Production
Costs Consumer Costs

FIGURE 2.3 Cost Faatrs for Natural Aggregate
(Khalaf and DeVenny 2004)

Recycled Aggregate

Addition processing at| |
demolition site

Dumping costs (negative

Transport to recycling| |[ Transport to dumping Site
plant (negative)

Processing Cost |4  Transport to consumer

FIGURE?2. 4 Cost Factor for recycled Aggrate
(Khalaf and DeVenny 2004

2.1.2.7.2mpactof Mixed Rubbleon FresiConcreteProperties
Use of mixed rubble in concrete is viewed as difficulte da its variadity and
properties such as increased absorptiorane study,lie water absorption of mixed rubble

was observedo be6.2-13% which wadar greater than th#&.8% absorptionfor natural
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aggregateshowng that the mixed rubble particlédsom this study wre observed to be
seven times more porous in nature than natural aggrésgtbai €al. 2013)
Workability:

In one research study, the workability of concrete containing mixed rubble
aggregateat a 100% replacemehevel was foundto increag, with the slump value
increagng by 12.82% compared to conventional concrete. While 60%% a8d 25%
replacemenby mass reduced the slump value by 15.4%,7.7% and 15.4% respectively
(Hoffmann et al. 2012)The higher workability is a result of increagiwaer demand of
mixed rubble in comparison to natural aggpte, due to its porosity the total watement
ratio increased significantlyHoffmannet al. 2012) The increasing water demand may
decrase the strength and increase the permeability of the concrete which may aechitig

using suitable water reducing admixtHover 1998)

2.1.2.7.3mpacs of Mixed Rubbleon HardenedoncreteProperties
Compressive Strength:

The compressive strengtt corcretedecreasewith anincrease in watecement
ratio. Since thew/cmratio of a mixturewith 100% mixed rubbl@eeds to benuchhigher
than the w/cm of a control mixture achieving the same sluhgcompressive strength
will be significantly lower.However,in one studythe strengtiwascomparatively higher
than the conventional concrete. The reason behind the stiragthsecould ke the initial
water absorption of the aggregatesThe increased absorption of the mixed rebbl
aggregatesloesnot initially supportcement hydratiomnd causes relatively denser paste
in relation to w/b presentHowever,the aggregates release soakedewaith ongoing

time, providng internal curing to the concrete and inciegghe quality ofcement paste
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which increased its strengtfHoffmannet al. 2012)In another research study, it was found
that concrete manufactured with the incorporation of recycled nrixieble aggregte
reduced the compressive strength of thetunexby 20% conpared to the conventional
concretf Zi el i Es ki 2017)

A study conducted on properties of concrete incorporating mixed rubble as
aggregate replaceantindicated that the mean compressive strength of corametaining
mixed rubbleas coarse aggregateas 8.8 MPawvhich was lower than the canete with
natural aggregate as the strength of natural aggredath was 14.2 MP#Sabai et al.
2013) On the other hand, replacing cement with the recycled powder obtained from mixed
rubble also decreases thmmpressive strength of the concrete. When 15%, 13% and 45%
of cement was replaced by recycled powder by weight, the 28 day strength wasofound
bereduedby 2.5%, 7.7%and 21.1%respectivelyXiao et al. 2018)

Elagic Modulus:

The elastic modulus of concrete containing mixed rubble decreases with increasing
the content brecycled mixed rubble. The decrease in elastic modulus is a result of higher
volume of paste as compared to conventional concrete. Concrétel@@% crushed
concrdée as coarse aggregate and natural sand showed an elastic modulus of up to 30%
lower thanconventional concret@gHoffmann et al. 2012)

Chloride Penetration:

The chloride penetration afmixturewith mixed rubble as aggregate is higher than
conventional comete due to thgorosity of the aggregates. The chloride conductivity
depends on the percentageofous aggmgatein the mix It was shown by the author that

a batch of mixed rubble containingninimum amount of porous aggregatwhen
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incorporated in conete as coarse gregate at 25% replacement rate showed lowest
chloride ion conductivitfHoffmann et al. 2012)
Environmental Impact:

The replacement of cement with recycled powder obtained from mixed rubble can
reduce the energy consumption as well as carbon ensssgsociatedvith concrete
production The production of 1 ton of recycled powder consumes 18 kwh of energy which
is significantly lower than 105 kwh energy consumption for cement produfian et al.

2018)
2.1.2.7.4Uses of Mixed Rubble in Pavement Foatidn

A mixture of mixedrubble andportland cement has been falto besuitabe for
stabilizing certainsubbase sof. In one study,he author found thaise of50% mixed
rubble and 2%ement by weighallowed the sulbase soil taeach the limit strength of
cementmodified soil for sukbase layer with a compressive strengttgnag from 1.20 to
2.10 MPa. It was also found that different combinations of cement and mixed rubble such
as 286 and 50% mixed rubble and 4% and 6% cemestiitgble for both base and sub
base layers of the pavemdReis et al. 2015)In another twdy it was found that when
measured usmthe California bearing ratio (CBR) value, mixedbblerecycled aggregate
providesa gain in bearing capacity due to the pozzolanic reactions between the various
mineral phases that make up such type of granulenal(Vegas eal. 2011) The mixed
rubblerecycledaggregate would baable to use iunbound structural layer of road if the
ceramic content is belnw35%, organic content is below 0.8% and soluble sulphate content

below 0.4%(Vegaset al. 2011)
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2.1.2.8Plastic Waste

2.1.2.8.1 Introduction

Plastic is one of thenost used materials in the world. The production of plastic in
year 2017 was approximately 348 million tons around the g(&oeope 2015) The
disposal of such plastiwaste through incineration is inappropeiabharmful and non
economich because the process cost is high and it produces danggmees in the
environmat which can adversely affect living bein@hernouti et al. 2015According
to the United Nation Environment Programme, themne46,000 piecesf floating plastic
at every square milef ocean in the year 2006 wh can account for the death of about
100,000 sea mammalscamore than 1 milliorsea birds each year.

Plastic waste accounts for 10.625.12% amongst the total wastes that are stored
in the landfills in which the percent olgstic bags is about 69.13% and the rest 30.87% is
other plastics like PV(Zhou et al. 2014)Polyhene terephthalate (PET) is one of the most
manufactured plastics and it is the secondtrdscarded form oflastic in world(de Mello
et al. 2009; Bti 2013) It is used in food packaging, saftink bottles, water bottlesetc.

Plastic is a notbiodegradable material and thus its landfilloan behazardous as
it maypollutes the soil due to the presence of toxic substances like lead and cdEarajm
et al. 20D). Thus, the recycling of plastic waste in an ecofriendly way in the best possible
solution for the environment. @nof those possible sdian is to use it in concrete as

aggregate replacement as it is very economical arfdeudly.

2.1.2.8.2mpacs of Plastic Wasten FreshConcreteProperties

Workability:
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In one study on use of plastic waste as aggregate inatentre workability of
fresh concrete was measured using the slump value of concrete incorporating vagsus typ
of plastic waste as aggregate replaceni¢entas found thathe slump decreased by 25%
upon replacement of 20% plastic aggregate by masom@mpared ¢ the conventional
concrete. The decrease in slump was attribictélde sharp edges and angular peetsize
of the plastic aggregat@atayneh et al. 2007)0n the other hand, ¢hslump alue of
concretewas foundo increag with anincreasing irthe plastic aggregate due to the non
watea absorbing nature and smooth surface of ashich leaves more free water in the
mix (Al-Manaseer and &lal 1997)

The workabilityof concretechanges with ifferent shapes of plastic waste as the
concrete containg pellet plastic aggregat@vhich has a smooth surface argherical
naturg requires a lower watercement ratio compared to flaky plastggegate with
different sizeswhich requireda much higher watecement ratio due to the sharper edges
and angulanature of the flaky aggregaté3aikia and Ddrito 2012)

Density:

The fresh and dry densities of concrer@foundto decreas on incorporation of
plastc waste in the concrete mixture due to te&tively light weight of the plastic
aggregategChoi et al. 2009; Saikia and de Brito 2014The replacement afandwith
plasticaggregatdy 10%, 15% and 20% byeight reduced the fresh density of concrete
by 5%, 7% and 8.7% respectively compared to conventional miwtucd was due to the
lower dendly of waste plastic comgred to natural sand by 96 (Ismail and AlHashmi

2008) Similarly in aneher research also the fresh density of concrete was found to
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decreashby 2.5%, 6% and 13% on plastontent of 10%, 30% and 50% respecti@i-
Manaseer and Dalal 1997)
Concrete containing polyethylenterephthalate (PET) waste and polycarbonate
(PC) waste as aggregate tends to reduce the fresh and dry deofsitie mixture. The
result obtainethy Hannawi ¢ al. (2010)showed that the dry densisreduced to 1755 ahn
1643 kg/ni respectively for 50%eaplacement of PET and PC plastic aggregates compared
to the reference concrete mixture containing 0% plastic density of 2173 kg/fh The
dry density ofa mixture containing 50% replacement of fine aggregate by PETenaxd
PC waste reduced by 19% and 24% respectively compared to normal concrete due to the

lower specific weight of the plast{elannawi et al. 200).

2.1.2.8.3mpactof Plastic Wasten HardenedoncretePropertis
Compressive Strength:

The ompressive strength of concrete was found tddmeeas upon incorporation
of plastic waste ithe mixture(Hannawiet al. 2010; Kou et al. 2009; Saikia and de Brito
2014) The loverstrength was attributed to the low bond strength between the cement paste
andsurface of plastic waste aride hydrophobic nature of plastic waste can inhibit the
cement hydration reactioby restricting the movement of watéaikia andDe Brito
2012)

In a studywhere gpartial substitution of plastwas usd as a fine aggregas rates
of 5% and 20% by mass, the compressive strength was noted to be regd@38d bnd
72% respectively of the original strength of normal conc{Batayneh et al2007) In
another study, the dutr states that the replacement of fine natural aggregate with 10%,

15% and D% by mass of PET, even though the stremgdls not as high asompanion
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natural aggregate concratextures. However, the strength achievedhsy plastic waste
mixturesfulfill ed the minimum strength required for the concrete structure whash w
17.24 MP4Ismail and AFHashmi 2008)A similar statement related to strength was given
in another study which stated thihe standard strength values of concrete with moderate
strength of21 and 30 MPa at 28 days of curing age, could be achieved by incorporating
10% of PET into the miture as natural aggregate replacement. The factdestified
contributors tothe lower corpressive strength were, the failure and formation of
honeycombs, pticle size and low workabilitfAlbano et al. 2009)0n the other hand, the
replacement offine naural aygregate with PET plastic waste by 5% of mass can
significantly increase the compressive sigéh of concrete by 8.86% and 11.97% at w/c
ratio of 0.42 and 0.52 respectivefiRahmani et al. 2013)The abrasion resistance of
concrete also increasathen the pellet PET aggregatentent is increased.

When fine aggregates are replaced by PVaygpnyl chloride) granules derived
from scraped PVC pipeshe compressiveirengthdecreaseth comparison to the control
mixtureby 9.1%, 18.6%, 21.8% and 47.3% respectively at thacepient percent of 5%,
15%, 30% and 45%Kou et al. 2009)

Modulus of Elasticity:

The modulus of elasticity was fourfy the ultrasonic methodd decreas when
the fine natural aggregatgas replacedvith 50% by mass of plastic aggregaiéis
decreasevas attributed to the reductionlwflk density of mortar and the plastic aggregate
that disturbed the ultrasonic wave propagation and decrdahasedelocity of wae
(Marzouk et al. 2007)n afew different studiesthe modulus of elasticitgf concretevas

alsofoundto decreas upon increasing the plastcontent in thamixture. According to
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these studiesthe reason behind this reduction is the lower modulus of elasticity of plastic
than naturbaggregate and high porosity in concrete which generates due to the higher wi/c
value(Hannawiet al. 2010; Saikia and de Brito 2014)

The incaporation of polyvinyl chbride (PVC) asa fine aggregate replacement
significantly reduced the modus of elasticity. It was found that the elastic modulus was
reduced by6.1%, 13.8%, 18.9% and 60.2% on replacement percent of 5%,15%, 30% and
45%respectivelyby volume of fine agggates The redation of elastic modulus was due
to the lower compressive strength of concrete incorporating PVC waste and lower modulus

of elasicity of PVC granulegKou et al. 2009)

2.1.2.8.4 Impacts of Plastic Waste Durability of Concrete

Concrete containing PET plastic as aggtegeeplacement teed to exhibit
increasd water absorption characteristics as the replacement percent, B&&, ahd w/c
ratio increases. This increase in water absorption wabkwed to the difference in the size
distribution and shape of plastiggregate as compared to fine aggredatbano et al.
2009). In another study, the authobserved0% water absorption in ceent mortar
containingl00%polyurethaneplasticas fineaggregatehan the cotrol mixture(Choi et
al. 2009) Furtter, if the polyurethane aggregates arewetted before incorporation in the
mix can increase the porositshich could be controlled by the atidn of super plasticizer
(Frigione 2010)

The resistancef concreteto chloride ion penetteon was foundto increa® upon
incorporaton of polyvinyl chloride (PVC) ito the concrete in place dine aggregate
RCPT test results indicat@dreduction 0f11.9%, 19.0%, 26.9% ar86.2% in total charge

passean samples utilizing %, 15%, 30% and5% repacement ofine aggregatavith
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PVC plastic aggregatsy volume This reduction in chloride ion penetration was attributed
to the impervious PV@ranules that block the passage of the chloridédon et al. 2009)
Concrete containing polystyrene foam as partial replacemebbibf fine and
coarse aggregatesas found toprovide good resistance to freghaw stresses using
standard method ASTM66 procedure Bproviding improveddurability to the concrete
This improvement in concrete likely because polystyrene foam is higlsusceptile to
distress due téreezethaw cycle as compared to naturalgggatedueto thepresence of

20-50% voidswith any air entrainmert Kan and Demirboja 2009)

2.1.29 Waste from Water Treatment Plants and Wastewater Treatment Plants

2.1.2.9.1 Introduction

The chemical clumps and nqortable pdicles which are colleed through
filtration are hazardous wastes known as sludfleese mterials oftenconstitute
approximatelyl% of the total volume of the treatedhstavater (de Ameida Lima and
Zulanas 2016) The sediments obtained by mechanical and biological treatment of
wastewater which tludes microorganisms and potentially harmful organic and inorganic
substance are known as excess slegecia and Westerhoff 2015)

Drinking water treatment plant sludge (DWTPS) is gpbyduct which is obtained
from the coagulatioffilocculation process when alunuim or ironbased salts are used to
precipitate colloidal particles, algae, clay, and humibstances from water resources
(Abo-El-Enein et al. 2017)The sludge obtained from DWTP in mostly inorganic and can
be used without the need to burn drganic matter.

After procesmsg, typically by thermal methods,luslge produced &m the

wastewater treatment processas the potential to be used as an alter@anateial in
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concretea soil amendment, an unbound base material dUi of sludgén construction
could impact he cost ofconstructionwhile alsoreducing the environmental concerns
regarding sludge disposal and #ssociated landfilling costd&Jsing sludgewvould also
provide additionalalue due to the factthatt d o e s @any additiorafjresources to
be producedde Almeida Lima and Zulanas 2018) addition to its use in concretiidge
can also be used for the production of brickest and other ceramimaterialsitHamood

et al. 2017; Rahman et al. 2017)

There are someeffects of incorporating sludge to concreteon its physical
properties because its increasing contenpcaduce exess heat during cimg, potentially
increagng the chances of crack generatiorhus, the use of sludgecorporatednto
concreteshould beestrictedo low-gradeconcrete where lesstrength is required (such as
sidewalks, barrier wallsgtc.) and it should not be useéd structural elements which
high aackingresistance is importarfsuch as buildings and bridge#\ccording toone
researclstudy, using 5% ofludge inconcreé has no significant effect on the strucéare
integrity, so it can be used in the constittof the structures where the requirement of
high crackingresistancef concrete is not required such as sidewéliasta 2011)

The ariousendusemethoddor sewage worldwidare shown ifFigure 2.5. Thee
statstics show hat the USA produces almost 6.540 million tons of sewage every, year
most of which is utilized in the agricultureindustry, while an almost equal amourns
incinerded or utilized inother applicatiors. Also, arelatively smallamount of sewage
(about 8%)is landfilled in USA(Christodaulou and Stamatelatou 2016; Drechsel et al.

2015)
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Sewage sludge production (million tonnes/year)
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FIGUREZ2. 5 Worldwide excess seage sludge utilization methods
(Christodoulou and Stamatelatou 2016; Drechsal. 2015)

Chemical and physical Composition:

The various chemicals that are presenWTP sludge ash and drinking water
treatmentplant sludge (DWTPS) which are responsible for its pozzolanic properties are
shown in theTable 211 along with the phyisal properties bsewage sludge ashown in

Table 2.2.
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TABLE 2.11 Chemical Composition dVWTPS AshandDWTPS
(Cyr et al. 200Dahhou et al. 2018)

Oxides | SIO; | Al O | FeO | Ca | PO | SO;| N& | K2 | TIO | Mg | Mn | LOI

3 3 O 5 O O 2 @] O

SSA% | 342 | 126 | 4.7 | 206|148 28| 1.0 | 17| 09| 19 | 0.06| 55

DWTP | 33.0 | 48.94| 446 |4.67|0.21| 0.1 | 0.0 | 25| 0.36| 0.7 | 0.24| 4.4

S 8 7 3 5

Note:LOI=Loss on Ignition

TABLE 2.12Physical Properties of Sewage &bhe Ash
(Chen et al. 2013

Moisture Conteh 0% fresh mass
Apparent Density 0.66 kg/ni
Real Density 2.7 kg/nt
Porosity 76%

2.1.2.9.2mpacs of Sewage Sludge FresiConcreteProperties
Workability:

The workability of concrete miyrescontaining coarse aggregate derived from the
incinerationof sludge was foundb decreas, which could be attributed to the angular,
rough surface texture and low unit weight of the derived sludge aggr€ygiesnd Tay
1990) The redution in workability was also observeid another studyin which the
cement was replaced by sewage sludge ash (SSA). The réswitsdsthat theneasured
slumpdecreasd from 114.2 mm to 102.5 mupon increasing the replacement peroaint
SSAfrom 0% to 30% repectively. This loss in slump wese to the irregular morphology

of SSA particlegMonzo et al.2003) The average ratof decrease in workability as
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cdculated came out to be 6% for every 10% replacement of SSA with arakuiislump
reduction of 12% for every 10% replacemg@@hang et al. 2010; PinarlDR0; Tay 1987)
SettingTime:

The setting time of fresh concrete iiresincreasedupon increasing th&SA
content. The averagsetting time (both initial and final) increased 35% orrépéacement

of 10% SSA by wight(Lynn et al. 2015)

2.1.2.9.3mpacs of Sewage Sludgen HardenedoncreteProperties
Compressive Strength:

The various researdtudiesconductedn the partial replacement aired bywater
treatment plan{WTP) aluminumbased sludgeshowed varying results. In one of the
studies, the author evakea that substitution of-8% sand by weighof wet sludgdrom
the WTP in concrete resulted in a compressive strength greater thiliPa7ata 28-day
curing period. This suggests that theo®te containing-8% of wet sludge could be used
in nonstructural apptiations such as sidewalks, subfloaconcrete blocks, and
architectural purposdg#ioppen et al. 2005)In a similar study, theushor found hat the
replacement of sanaith up to 5% of weWTP aluminumbased sludgby weight gives a
satisfactory result of 15.5 MPa compressive strength whiak 11% less than the
compressive strength dhe reference miture The incorporation of et sludge also
increased the water absorption by 12% and 32% on the replacement of 5% and 10%
respectively(Tafarel et al. 2016)0On the contrary, the pdacement of sand even with 5%
of aluminum baséwet sludge by weltg led to a decrease immpressive strength by 50%

and increase in water absorption by 48Ramirez eal. 2017)
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When cement was replaced wit% by weightof sewagesludge ashifrom a
WWTP, the results showed a decrease in compressive strength by about 25% as compared
to the conventional concrete. Thisosvs that the activityjndex of the concrete was more
than 75%. The results obtained by @nethor showed that the cpmessive strength of
concrete incorporating sewage sludge ash wasgisds 27.1 MPa after 28 days curing
which would satisfy the techrat requiremats for residential and light commercial
buildings(Chen et al. 2013)

Modulus of Elasticity:

The replacement of naturarsdwith wet WTP sludge showedignificantnegative
impacts on the elastic modulus of the concnaite The author used three different water
cement ratios tdeteminethe modulus of alsticity of concrete containing wet sludge. The
first reference sampléad an elastic modulus of 36 GPa at w/c of 0.45. With the sludge
replacementatesof 5, 7 and 10%a reductionin elastic modulus 085.1%b, 47.68%6 and
88.18% repectively was observed. When w/c was increased to 0.55, the reference sample
had modulus oélasticity of 33 GPa, which was reduced by 3%435.5%6 and 86.61%
upon replacement of 5/ and 10% respectively. Finallyith a w/c ratio of 0.65 the
modulus é elasticity of reference sample was 34 GPa, whetameaeduced by 46.52,

65.63%6 and 100%with replacementatesof 5% ,7% and 10% respectivelfRamirez et al.
2017)
2.1.2.9.4 Impacts of Sewage Sludge omdbiulity of Concrete
Corrosion Resistarec
C o n c rresistanéego corrosion has been found increasing on partial replacement

of cement byWWTP sludge ash up to 20 by weight This could be&lue to the overriding
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influence of aluminum content of SSA at lemwreplacement which has positive effects on
the chemical binding of chloridetlpon increasing the replacement level to 60%, the
corrosion resistancef concreé was foundto decreas. This is because the porosity is
increased due to the continuous weakgrof pore structure anaduction in hydration
ratewhich eventually has negative effect on the durability of con¢fdtecel et al. 2006)
Leaching of Ash Material:

In one studyresultsof chemical tests of leaakeobtained by submergingoncrete
cylindersin water showed that except for Mo and ®e leaclateobtainedfrom concrete
produced with a range a@ishes for all the tested elements (Al, B, Ba, Co, Cr, Cu, Sr, V,
Zn) were far below the limitsThe resubk obtainedvere similar to results obtained from
conventionakoncrete without sewage sluglgsh (SSA). Thus, mixing SSA with cement
stabilizes Mo and Se in the concretalat can be considered as good treatment of ashes

rather than disposing landfills (Chen et al. 2013)

2.1.2.10PorcelainWaste

2.1.2.10.1 Introduction

Porcelain is a material that is generally used to produsg tilegs, cookwareind
other goodslue to its high durability and hardneBsrcelain isalso known synthetic stone.
Porcelain products areomprisedexdusively of white and refined clay Porcelain also
containskaolin and feldsparThe soil used to pragte porcelain has lower impurities as
compared to ceramicwhich ultimately makes it more durabl@eshavarz and
Mostofinejad 2Q0).

Porcelain is a nehiodegradable materighndthus its disposal into landfills could

occupythe land paceThe production of porcelain helps in the reducbi€ O, emission
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as production on 1 ton of porcelain clay tile powder emits 0.07 tons efwBie the
production on 4on portland cement emits 0.343 tons of@Cthe environment which is
responsible foglobal warming(Morris 2018) Using porcelain as a substitute mateinal
concreteprovides not onlyenvironment benefitsbut also economicbenefits. Upon
replacing 20% of pdland cement by mass of porcelain powder the cost of corzaetee
reduced by almost 192, where the cost of other materials such as sand, aggregate etc.
remains constariMorris 2018) The engineering propertie$ porcelainusedin one study

are shown in th@able 2.8

TABLE 2.13 Engineering Properties &forcelain
(Morris 2018)

Water absorption 0.34%

Apparent Porosity 0.84%
Bulk Density 2.48 g/cn?

Linear Shrinkage 12.2%
Modulus of rupture 46 MPa

Chemical Composibn:
The various chemicals present in porcelain that makes it suitable to be used as a
substtute material in concrete is shownTiable 2.4.

TABLE 2.14 ChemicalComposition of Porcelain
(EI-Abidi et al.2020)

Compositions Porcelain (%)

SiIO, 62.29
Al;0s3 28.89
FeOs 0.21
CaO 0.0524
MgO 0.32
P.Os 0.0072
K20 2.05
SO 0.068
TiO, T
MnO 0.0176
LOI 5.88

Note: LOI=loss on ignition
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2.1.2.10.2mpacs of Porcelainon FreshConcreteProperties
Workability:

The workability of concrete decreasepon increasing the porcelain content in the
concrete when the porcelain is used a cement substitution. lWas found that on %,
10%, 13%, 20%, 2%, and 30% replacement of cement by mass of porcelaiancrete
the workability wasreduced by 3.3%, 8.33%, 16.6P6, 18.33%6, 23.336, and 26.67%
respectively as compared to the control mixtkéorris 2018) This reduction in
workallity was the result ofncreasing wlume of mkture as the density qforcelain
powderis lower than that ofcementwhich eventually increased the water demand by
absorbing more water and reducedwlogkability (Morris 2018)

Density.

Thefreshand dry densitiesf concretavere foundo increag umn increasing the
substitition of porcelain as fine aggregate replacement in concrete. The bulk density of
concrete also increasaghenreplacement of cement by porcelaivhen the porceia
replacemat of cement was increasém 0% to 86, 136 and 30%, the bulk density
increasd by5.05, 6.73 and 1.68% respectively as compared to the caorniktoire at a28
day curing periodEl-Abidi et al. 2020)
2.1.210.3Impacs of Porcelain Wasten HardenedoncreteProperties
Compressive Strength:

The compresse strengthof concretancreasedvith the introductionof porcehin
waste as fine aggregate replacement. Tiest results for increased compressitrendh
wereobtained bya partial substitution of 75% fine aggregate by weight of porceléin

this substitution rate, theompressive strengtivas increasedby 50% when tested on



66

concrete cubes and 23% when tested on concrete cylinders as compared toaanete
mixtures Concrete produced with substitution percent of 25% also showed similar
results as thestrengthof concrete cubes was increasg47%(Kobbekaduwa and Perera
2019) The increase in compressive strength was attributed towesr absoption of
porcelain waste. The strength of concrete was also ftmindreag upon replacenent of
coarse aggregate with porcelairt 100% replacement of coarse aggregate by mass of
porcelainthe compressive strength increased by E&shavarz and Mostofinejad 2019)

The replacement of natural sand with porcelainbdeen foundd havea positive
effect on the compressive stggh of @naete. In onestudy; it was found thathe 28-day
compressive strength farconcrete mixtre produced with 80% substitution by mass of
sand slightly increased by 0.8%. However, when the substittatierd porcelain for sand
increased to 40% and 50%he 60-day strength increased by 16.42% and 15.38%
respectivelyJamal et al. 2018)

On the otler hand, wherporcehin powder is substituted fportland cemeras an
SCM, the strength was fourtd increa® at substitution ratap to 10%compared to control
mixture. The highest strengthasobtainedfrom mixtures producedt a 5% replacement
by massof porcelain powdefcompressive strengthiscreased by 9%In this studythe
targetcompressivestrength was achieveat substitution rates up #0% replacemerof
cement. Byondthis substitution rate, furthedditionof porcelainreduced theonce tse 6
compressivetrength(Morris 2018)
Flexural Strength:

The flexural strength was fourtd increag when porcelain wastevasutilized in

place of fine aggregate soncreteln one study,heflexurd strength increasdgradually
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on eachsubstitutionrate used within arange from 25%to 75% and then it started to
decreaseipon greatersubstitution(however, it wastill higherthan the control mixtuje

The highest flexural strength was foumthen porcelain waste was used ag%®
replacement by mass of fine aggregade this substution rate, the flexural strength was

found to beb4% higher than the control concrete. Tlexural strength was also found to
increase when porcelain was substituted as coarse aggregate in concrete. It was found that
the flexural strength increased up 7% on replacement of 100% coarse aggregate

(Keshavarz and Mostinfejad 2019)

2.1.2.10.4 Impacts of Porcelain Wastelurability of Corcrete
Water Absorption:

In one study,he water absption of concrete reducedpon increasig the content
of porcelain as cement replacement up to a certain, &ftér which it started to increase.
In this study the control miire exhibitedshowed 5.7% water absorptionising water
absorption test methotlVhen theporcelainreplacement levelas 5% of mass of cement,
the water absorption reduced to 3,58d on further increase in replacement to 15% and
30%, the absorption increased to 6.23% ahd% espectively Ultimately, thisstudy
showedhat replacement of 5% cement by porcelain afopm better in water absorption
of concretgEl-Abidi et d. 2020)
Chloride Penetration:

Therewerenot many studies found ohd tloride ion penetration for the concrete
containing porcelain. lonestudyidentified, the researchers found that the total chloride
ion permeabilitywas redued for concrete mixture®n increasing theeplacement of

cement by porcelainThe best resuts were found forl5% replacement leveds the
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penetration value waalmost 50%dower thanthat of controlconcreteat 28days curing
period(Patel and Shah 2015)
2.1.2.10.8Jsesof Porcelain/Ceramic Waste in Pavement Foundation

Only a limited amount oliteraturewasfound on the properties ainboundbase
layers stabilized usingporcehin. However some studies were conducted on the
stabilization of soil properties using cerig waste meerial. Fromthese studiest can be
seen that ceramic waste can be used to stabilize the soil properties inhizsesldyer of
the pavemen(Deboucha et al. 2020)t was found that the maximum dry density of the
soil was obtained when the addition of ceramic waste was in the rand®& &fter whib
it slightly deceased. The maximum dry density obtained for addition o%4),1%%, and
15% ceamic waste by dry weight was 19.4kNJrhi9.5kN/n#, 19.9kN/n¥, and 19.5kN/m
respectively(Deboucha et al. 2020pn the other hand, the California bagratio (CBR)
values of soil mixturecontaining 06, 5%, 10%, and 15% ceramic waste by weighere
51.64%, 75.26%, 94.05% and Z&% of the control mix respectivly in un-soaked
condition. The study also showed that the following properties of soilisgioin could
be further inceased on little incorporation of ordinary portland cement to the mixture

(Deboucha et al. 2020)
2.2 Tests to Determine Suiflby for Use in Concrete
2.21 Tests for Use as Aggregates
The various ASTM tests that are needed to be performed on any construction or

industrial waste byrodud¢ to determine its suitability in different construction

applications are shown Figure 26.
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Aggregate Tests

v v v v v
. . Los Angeles Soundness and Specific Gravity g
(Spl\esv_ﬁ\f gallgzl)s Rattler (ASTM Durability and Absorption R V?Zl)ggz(,g)s ™
C131) (ASTM C289) (ASTM C127)

FIGURE?Z2. 6 Standard Teador evaluating the suitability of aggregate in concrete.

2.2.2 Tests for Usas Supplementary Cementitious Material

The standard guide for evaluation of alternativpsementary cementitious
materials (ASCM) for use in concrete (ASTM C1708) provides a technical approach
for the evaluation of ASCM like hydraulic materiaad pozzolans that are outside the
scope of tk guides provided for conventional SCMs (ASTM Cg289 and C1240) such
as fly ash, slag cement, silica fumes and calcined cldys.guide suggests/e different
stageswhich are to be followedor the evaluaon of performance ASCM in concrete
mixture. They are:

Stage i Characterization of Matetia In this stage |, the chemical analysis of the
material is to be conducted to trace the quality of all the major and minor elements present
using xray fluorescace, atomic absorption spectroscopy, irthety coupled plasma
spectroscopy, and the vartest methods according to ASTM C114, C311, and D4326.
Among the elementglentified usingthe methods specified, most consideration must be
given to those whichauld be injurious to cement hydration @ncrete properties. Suitable
tests are needed tee lxanducted to determine the availability of those compounds to

particulate the hydration reactions.



70

Stage IIi Determination of Suitable Finenesginenes®f anSCM plays a major
role in affecting the performance of concreteso, if the production pressof ASCM
involves or requires crushing or grinding then the guidance for the selection of suitable
fineness can babtained from workability, durability and comgssive strength tests on the
mortar madewith ASCM along with hydraulic cemeniThe finenes can be testd
according to the procedures mentioned in ASTM C311, C204 and T4&@determination
of particle size distribution could be done using laser diffsagarticle size analyzer.

Stage IlIi Testing to Specification The potential SCMmateral is requiredto be
tested to meet the chemical, physia@id uniformity requirements specified in ASTM
C618, C989 or C1240 along with the additional test sscbhéorides test (C1218), free
calcium oxde test (C114, section 28), leachable heavy me=lD3987), soluble alkalis
test (C114) and air void stability (as described in C1r8P

Stage IVi Concrete Performance TestsThe suitability of alternativésCM on
concrete performance can be vexifby performing various tesin the fresh and ndered
concrete to find the effects of SCMs on its physical, mechanical and durability properties.

Such tests are shownkngure 27 below.



Tests on Concrete

v

Hardened Concrete

Fresh Concrete
Slump
™ (ASTM C143)
N Air Content
(ASTM C231)
N Temperature
(ASTM C1064)
N Time of Setting
(ASTM C403)
N Fresh Density
(ASTM C138)
Bleeding
> (ASTM C232)

v

Other Tests

Freezing and Thawing
(ASTM C666)

Scaling resistance
(ASTM C672)

Heat of Hydration
(ASTM C186)

Resistance to fluid
penetration
(ASTM C1202)

4_

by Compressive Strength
(ASTM C39)
N Flexural Strength
(ASTM C78)
N Drying Shrinkage
(ASTM C157)
y Air Void
(ASTM C457)
N Modulus of Elasticity
(ASTM C469)
N Sulfate Resistance
(ASTM C1012)
N Alkali Silica Reactivity
(ASTM C1567)

FIGURE 2.7 Standard tests for evaluating the suitabiifyASCM on concrete

Stage Vi Field Trials and Longrerm Performance and DurabilityThese tests
are needed to be performed only wheneptabl¢est results from the laboratoryvebeen
demonstratedsome field evaluation methodse also recommendeaijt of which at least

three ae needed to be performidsuch a way that the short term and begn evaluation

(ASTM C170918)

should be relevant to the intended use. Tlasdade:

1. Effects of ASCM onlte inishing characteristics of the concrete
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2. Variations on fresh npperties of concrete su@sair content, slump and setting
time

3. Compatibility with admixture

4. Performance characteristics of concrete including parameters of strength and
durability

5. Determ ne the environment al i mpactistoon t he

SCMs use.

There aresomespecifications mentioned in ASTM C311 to test the chemical and

physical properties of alternati®CMsfor use in concrete which are showFigure 28.

ASTM C311
I
Chemical Analysis Physical Tests
L Moisture Content Soundness <%  Water Requirement

Strength Activity Index| Contributing Sulfate
of Portland Cement | Resistance

e Chemical Content

\ 4

Controlling Alkali Silica |

La Ammonia Reactivity <> Fineness
Increase in Drying . .
> Available Alkali Shrinkage of Mortar <1 Air-Entrainment of
Mortar
Bars
Density <+ Precision & Bias

FIGURE 2.8 Standard Testfor Testing Fly Ash or Natural Pozzolans for Use in
PCC.
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2.3 Economic Considerations in Recycling

Life Cycle Cost Analysis (LCA) is a process of evaluating the total cost that
would be incurred in a project by theadysisof initial cost and future diszinted cost like
cost of, maintenance, reastruction,usercost, restoring, rehabilitation, and resurfacing,
throughout the complete lifespan of the pcof&an Dam et al. 2015)

The determinatiomf the potential economic and environmental benefits of using
recycled waste materials in road construction was donéfeyent case studies performed
in Wisconsin using th& CA and LCCA. One of tle studes wa peformed on imile
highway construction project at Interstate 9494) in Kenosha county. The project
included a multiyear reconstruction, modernization, anpansion of 194 mainline,
ramps, resurfacing of State highway 142 (STH 142) and embankfoetits portion of 4
94 (approx. 180,000 cubic meters). The highway was constructed using recycled materials
including fly ash, bottom ash, foundry sand, recyatedicrete aggregate (RCA) dn
recycled asphalt pavement (RAP). The cost savings from usioly serial in
substitution to conventional materials were calculated from the differences of the actual
guantity of recycled materials versus the hypotheticalafastnventional materialshich
were replaced. The authors found that the project saved&dve 000 in which the largest
savings were due to the use of bottom ash (over $410,000) as the unit cost of bottom ash
was very low and thenaount of bottom ashsgd in construction of wdsgh. The various
environmental and economical savings for thigjgxt is shown inTable 215 (Bloom et

al. 2016).
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TABLE 2.15Results of savings from34 highway construction project
(Bloom et al. 2016)

Criteria Reference Actual Percent
Improved
Energy Use (TJ) 141,000 89,000 37%
GWP (Mg) 9,500 5,800 39%
Water Consumption (kg) 38,000 28,000 25%
SCC ($) $ 654,000 $ 398,000 39%
Hazardous Waste (kg) 237,000 151,000 36%
In Situ Recycling (r8) 0 19,100 7%
Total Recycling (rs) 0 154,000 57%
Life Cycle Cost Savings [$]: $771,000

This casestudyshowed that by using recycled materials in road construction, the
environmental ando®nmical benefits could be achieved as the amount of energy, water
consumption, C@emission and hazardous waste generated were significantly decreased

(Bloom et al. 2016)
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CHAPTER 3:INQUIRY OF AGENCY ANDINDUSTRY USE OF B¥YPRODUCTS IN
CONCRETE PAVEMENT APPLICATIONS

3.1Approach and Limitations

A two-part benchmarkingnquiry was developed to evaluate the utilization of
construction and industrial waste-pyoducts in the United States concrete pavingsingd
and the potential barriers associated with the use of thegmbycts in new concrete o
in pavement foundations. Thaquiieswas developed by the research team, approved by
the technical lead on the project at lowa State University, and respaaee solicited
from state highway agencies and industry stakeholders with the help of Anteoiccrete
Pavement Association (ACPA) and National Concrete Pavement Technology Center
(NCPTC).

Inquiry questions that aimed to gather information from thateSHighway
Agencies (SHAsgare provided in Appendix Anquiry questionsusedgather informatin
from the contractors or the Industry people who are involved in designing sustainable
pavements using construction or industrial wast@imguctare providedn Appendix B
A summary of the agency and indusiinguiriesis provided in Figures 3.1 aryd2

FIGURE 3.1 Agencylnquiry

Respondent Information:

Name of firm
Address

Name ofinquiry
respondent
Phone number
Email addrss




1) Which of the following construction and/or industriakpsoducts are you allowingf
considering allowing) irtoncrete pavement applications?

Construction and/or Industrial fyroduct

Allowable uses

Allow in pavement | Allow in new
foundations? concrete?
(Yes/Consideng/No) | (Yes/Considering/No

Bottom ash

Off-specification fly ash

Rice husk ash

Sugar cane ash

Water treatment residuals

Recycled concrete aggregate

Mixed rubble (recycledggregates from

mixed sources)

Recycledasph

alt pavement

Concrete grinding slurry and fines

Hydro-demolition residual material

Brick waste

Crushed glass

Crumb rubber

Porcelain

Plastics

Other (please

identify)

1) For what reasons are you allowing (or considering allgivihe construction and/or

76

industrial byproductsin concrete pavement application8 (selectll that apply)
Construction Reason
and/or Lack of Cost savings Econamic Other reason
Industrial by | availability of over other benefits of (please describe)
product otherproducts | products recycling these
(supplementary| (supplementary| materials from a
cementitious cementitious project (or
materials and/on materials and/on sourcing from a
aggregates) aggregates) local industry or
project)

Bottom ash

Off-

specfication

fly ash

Rice husk ash

Sugar cane

ash

Water

treatment

residuals

Regy/cled

concrete

aggregate
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Construction Reason
and/or Lack of Cost savings Econamic Other reason
Industrial by | availability of | over other benefits of (please describe)
product otherproducts | products recycling these
(supplementary| (supplementary| materials from a
cementitious cementitious project (or
materials and/or materials and/orn sourcing from a
aggregates) aggregates) local industry or
project)

Mixed rubble

(recycled

aggregates

from mixed

sources)

Recycled

asphalt

pavement

Concrete

grinding

slurry and

fines

Hydro-

demolition

residual

material

Brick waste

Crushed glasg

Crumb rubber

Parcelain

Plastics

Other (please

identify)

2)

On a scale of 1 to 5, please rate the importance (or magnitude) of the following potential

barriess within your agency to using construction or industriatpbyduct in pavement

foundations.

Foundation

applications

bases/subbases, and natural/stabilized soils.

Rating scale: 1 = no significant barrier or imporgrie = critical barrier or very high importance

include

bound bases/subbases,

unbud

Barrier

Rating (please score each
barrier on 1to 5 scale)

Specifications currently restrict use

Concerns regarding the material supply being consistently
available

Concerns regarding foundation strengtit/or stability

Concerns regarding durability of the-pyoduct in service
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Barrier Rating (please score each
barrier on 1to 5 scale)

Concerns rgarding variability in material properties
Economics €.g. costs of producing/procuring-pyoduct vs.
cost of conventional materials)

Ready availability of god, inexpensive SCM and natural
aggregate sources

Regulatory barriers (permitting, enviroemial regulations)
Concerns regardingnvironmental impacts (e.g. runoff,
leachate, etc.)

Other (please describe)

3) On a scale of 1 to 5, please rateithportance (or magnitude) of the following potential
barriers tousing construction or industrial by-products as supplemental cementitious
materials (SCMs) in new concrete.

Rating scale:1 = no significant barer or importance, 5 = critical barrier aery high importance

Barriers Rating (please score each
barrier on 1 to 5 scale)

Specificatonscurrently restrict use

Concerns regarding the material supply being consistently
available

Concerngegarding variability in material properties
Concernsgegarding performance of fresh concrietsetting
time, workability, etc.

Concerns regaidg the strength of the new concrete
Concerns regarding other properties of hardened concrete |
shrirkage, coefficient of thermal expansion, creep, etc.)
Concerns regarding the durability of the new concrete

Lack of guidance on conducting coatgmixture designs and
proportioning using these materials

Economics (costs of producing/procuringmpduct vs. cost of
conventional materials)

Ready availattity of conventional materials that are suitable
and inexpensive

Regulatory barriers (peritting, environmental regulations)
Other (please describe)

4) On a scale of 1 to 5, please rate the importance (or magnitude) of the following potential
bariers tousing construction or industrial by-products as aggregates or inert fillers in new
concrete.

Rating scale: 1 = no significant barrier or impor&gre = critical barrier or very high importance
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Barriers Rating (please score each
barrier on 1 to 5 scale)

Specifications currently restrict use

Concerns regarding the material supplyngeionsistently
available

Concerns regarding variability in material properties
Concerns regarding performance of fresh condretetting
time, workability, éc.

Concerns regarding the strength of the newctete

Concerns regarding other profies of hardened concrete (e.g
shrinkage, coefficient of thermal expansion, creep, etc.)
Concerns regarding the durability of the new concrete

Lack of guidane on conducting concrete mixture designs an
proportioning using these materials

Economicqcosts of producing/procuring byroduct vs. cost of
conventional materials)

Ready availability of conventional materials that are suitablg
and inexpensive

Regqulatory barriers (permittinggnvironmental regulations)
Other (please describe)

5) Whatcharacterization tests of the-pyoduct materials listed above would provide your agency
confidence in their uses a supplementary cementitious material (SCM)in pavement
foundations or in new concrete.

Rating scale: 1 = no significant barrier or onjance, 5 = critical barrier or very high importance

Characteristics and Tests Rating (please score
each on a 1 tdb scale)

Tests of Byproduct Materials:
Chemical composition
Carbon content
Other contaminants
Incompdibility with certain cements
Fineness
Specific gravity
Strength activity index
Water requirement
Soundness (autoclave expansion or other)
Density
Uniformity
Tests of Base Materials Stabilized with-Byoducts:
Shear strength
Elastic modulus (stiffness)
Permeability
Tests of Concretincorporating ByProducts:
Workability
Initial and final set
Heat of hydration of concrete
Strength
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Characteristics and Tests Rating (please score
each on a 1t scale)

Permedility

Resistance to freezing and thawing

Resistance to deicing salts

Susceptibility to ASR

Susceptibility to sulfate attack
Other Tests (plese describe):

6) What characterization tests of thegrgduct materials listed above would provigeur agency
confidence in their usas an aggregate or filler material in pavement foundations or new
concrete(1 = not gynificantly important, 5 = critical characterization test of very high importance).

Ratingscde: 1 = no significant barrier or imp@ance, 5 = critical barrier or very high importance

Characteristics and Tests Rating (please score
each on a 1to5 sca)

Tests of ByProduct Aggregate or Filler Materials:

Spedfi c gravity

Absorption

Gradation

Percent passing #200

Soundness of Unconfined Freekkraw

Abrasion resistance (L.A., MicrDeval or Other)
Tests of Unbound Base Material Incorporating Recycled er By
Product Aggregate:

Density

Strength (Shear, CBR or Other)

Permeability

Leachate potential and composition
Tests of Stabilized Base Material byporating Recycled or By
Product Aggregate:

Strength (Commessive, Flexural or Other)

Stiffness (Elastic or Resilient Modulus or Other)

Permeability
Tests of Concrete Incorporating Recycled orBpduct
Aggregate:

Workability i Quality and Duration

Strength (Copressive, Flexural, or Other)

Permeability

Resistance to Freezing and Thawing

Resistance to Deicing Salts (Salt Scaling, Formation Factor,
Othe)

Susceptibility to ASR

Susceptibility to Sulfate Attack
Other Tests (please deibe):




81

7) Please rate the importance of foelowing potential benefits associated with the use of
construction and industridly-products in your transportation infrastructure.

Rating scale: 1 = no significant barr@rimportance, 5 = critical barrier or very high importance

Potential benefit d use of construction and industrial by Rating (please score

products in transportation infrastructure each on a 1to 5 scale)

Conserving natural materials

Conserving landll space and reducing the need for new landfill

Reducing project costhrough use of recycled materials

Increasing strategic business opportunities and bssine

competitiveness

Reducing the environmental impacts of cement and aggregate

production

Enhancing foundation material and/or concrete quality

Other (please desbe):

8) Do you have any additional information that you could share regarding yoae gency 6 s

consideration of use of construction and industrigbfiyducts in new transpottan applications?

FIGURE 3.2 IndustryInquiry

Respondent Information:

Name of firm
Address

Name ofinquiry
respondent
Phone nmber
Email address

1) Which of the following construction and/or industriakpsoductare you using (or interested in

using)in concrete pavement applications?
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Construction Uses

and/or Industrial | Using in pavement| Using in new

by-product foundations? concrete?
(Yesinterested/No)| (Yes/Interested/No

Bottom ash

Off-specification

fly ash

Rice husk ash

Sugar cane ash

Water treatment
residuals

Recycled concrete
aggregate

Mixed rubble
(recycled
aggregates from
mixedsources)

Recycled asphalt
pavement

Concrete grinding
slurry and fines

Hydro-demolition
residualmatrial

Brick waste

Crushed glass

Crumb rubber

Porcelain

Plastics

Other (please
identify)

1) For what reasons are you using (or interestagsing) the construction and/or industrial by

productsin concrete pavement applications?select all that apply)

Construction Reason
and/or Industrial| Lack of Cost savings over Economic benefity Other reasor|
by-product availability of other products of recycling these | (please
otherproducts (supplementary | materials from a | describe)
(supplementary | cementitious project (or
cementitious materials and/or | sourcing from a
materials and/or | aggregags) local industry or
aggre@tes) project)
Bottom ash
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Construction
and/or Industrial
by-product

Reason

Lack of
availability of
otherproducts
(supplementary
cementitious
materials and/or

aggre@tes)

Cost savings over
other products
(supplementary
cementitious
materials and/or
aggregags)

Economic benefits

of recycling these
materials from a
project (or
sourcing from a
local industry or
project)

Other reasor
(please
describe)

Off-specification
fly ash

Rice husk ash

Sugar cane ash

Water treatment
residuals

Recycled
concrete
aggregate

Mixed rubble
(recycled
aggregates from
mixed sources)

Recycled asphal
pavement

Concrete
grinding slurry
and fines

Hydro-
demolition
residual material

Brick waste

Crushed glass

Crumb rubler

Porcelain

Plastics

Other (please

identify)

2)

On a scale of 1 to 5, please rate the importance (or magnitude) of the following potential

barriers to using construction or industriakfmpductsin pavement foundations. Foundaibn

applications include bound bases/subbases, unbound bases/subbaaged natural/stabilized

soils.
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Rating scale:1 = no significant barrier or importancex%ritical barrier or very high importance

Barrier Rating (please score each
barrier on 1 to 5 scale)

Specifications currently restrict use

Concerns regardgthe material supply being consistently
available

Concerns regarding foundation strength andtability
Concerns regarding durability of the-pyoduct in service
Concerns regardg variability in material properties
Economics (e.g. costs pfoducing/procuring byroduct vs.
cost of conventional materials)

Ready availability of converdal materials that are suitable
and inexpensive

Regulatory barriers (permitting, enviroemial regulations)
Concerns regarding environmental impactg.(eunoff,
leachate, etc.)

Other (please describe)

3) On a scale of 1 to 5, please rateithportance (or magnitude) of the following potential
barriers tousing construction or industrial by-products as supplemental cementitious
materials (SCMs) in new concrete.

Rating scale:1 = no significant barer or importance, 5 = critical barrier aery high importance

Barriers Rating (please score each
barrier on 1 to 5 scale)

Specificatonscurrently restrict use

Concerns regarding the material supply being consistently
available

Concerns regarding viability in material properties
Concernsegarding performance of fresh concrietsetting
time, workability, etc.

Concerns regaidg the strength of the new concrete
Concerns regarding other properties of hardened concrete
shrinkage, coefficient of thermal expansion, creep, etc.)
Concerns regarding the durability of the new concrete
Lack of guidance on conducting coatgmixture designs and
proportioning using these materials

Economics (costs of producing/procuringfpduct vs. cost of
conventional materials)

Ready availattity of conventional materials that are suitable
and inexpensive

Other (please describe)
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4) On a scale of 1 to 5, please rate the importance (or magnitude) of the following potential
barriers tousing construction or industrial by-products as aggegates or inert fillers in new
concrete.

Rating scale: 1 = no significant barrier or impoe, 5 = critical barrier or very high importance

Barriers Rating (please score each
barrier on 1 to 5 scale)

Specifications currently restrict use

Concerns regrding the material supply being consistently
available

Concerns regardingariability in material properties

Concerns regarding performance of fresh condretetting
time, workability, etc.

Concerns regarding the strength of the new concrete
Concerns regarding other properties of hardened concrete
shrinkage, codicient of themd expansion, creep, etc.)
Concerns regarding the durability of the new concrete

Lack of guidance on conducting concrete mixture designs a
proportioning usig these materials

Economics (costs of producing/procuringfpduct vs. cst of
conventond materials)

Ready availability of conventional materials that are suitablg
and inexpensive

Other (please describe)

5) Rate the importance of the follavg potential benefits associated with the use of construction
andindustrial byproducts inyour transportation infrastructu@ = not significantly important, 5

= of very high importance).

Potential benefit of use of construction and industrial by | Rating (please score each of
products in transportation infrastructure a 1to 5 scale)

Conservig natural materials
Conserving landfill space and reducing the need for new
landfill
Reducing project costs through use of recycled materials
Increasing stragic business opportunities and business
competitiveness
Reducing the environmental impaaf cement and aggregate
production
Enhancing foundation material and/or concrete quality
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6) Do you have any additional information that you could shagereg i n g yconsideration r moé s

of use of construction and industrial-pyoducts in new amgortation applications?

Both inquirieswere intended to reveal the potential barriers that restrict the use of
construction and industrial waste -pyoduct in highway constructin. The inquiries
requested input on the use (either actual or desifembnstruction and/or industrial waste
by-products including:

1 Bottom ash

1 Off-specification fly ash

1 Rice husk ash

1 Sugar cane ash

1 Water treatment residuals

1 Recycledconcrete aggregate

1 Mixed rubble (recycled aggregates from mixed sources)

1 Recycled asphafiavement

1 Concrete grinding slurry and fines

1 Hydro-demolition residual material

1 Brick waste

1 Crushed glass

f Crumb rubber
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M1 Porcelain

1 Plastics

3.2Findings

3.2.1Agencylnquiry

The Agencyinquires was sent to the states participating in the Technology
Transfe Concrete Consortium (TTCC) pooled fund and the National Concrete Consortium
(NCC) with the support of National CP Tech center. It began théhnformation of th
respondents following the various questions that were drafted addressing:

1. If the agency kBows, does not allow, or is considering allowing the use of
construction and/or industrial waste by product in the concrete pavements.
Information supporting theeason behind allowance (or considering allowing) is
also requested).

2. The potential barries] hindering the use of such materials in pavement foundation
or as an SCM or aggregate in new concrete. These questions regarding challenges
and barriers were badeon the Likert scale from 1 to 5, where 1 means no
significant barrier or importance and rheans critical barrier or very high
importance.

3. The characterization tests that would provide confidence in use of these materials
as aggregater SCM in pavementundation or in new concrete. These questions
were based on the Likert scale from 1 to S5er@l means no significant barrier or
importance and 5 means critical barrier or very high importance.

4. The potential benefits associated witbnstruction and/or wlustrial waste by

product in transportation infrastructure. The benefit questions werdadst on
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the Likert scale from 1 to 5, where 1 means no significant importance and 5 means
very high importance.

Lastly, a free answer box wagwovided for the regmdents to provide any
additional i nformati on regar di segof t he

construction and/or industrial waste-pgoductsn new transportation applications.

3.2.2IndustryInquiry

The industry inquines were snt to ACPA represeatives to be further

disseminated to contractors and other industry stakeholders to ggitterThe industry

inquiry questions were similar to the agenoyquiry questions, although questions

regarding the characterization tests wa#t included. Theinquiry began with the

information of the respondents following the various questions that wexked

addressing:

1.

If their company ever used, nased,or interested in using the construction and/or
industrial waste by product in thercrete pavements alg with the reason behind
allowance.

The potential barriers preventing the use of such ma#&en pavement foundation

or as an SCM or aggregate in new concrete. The barrier questions were based on
the Likert scale from 1 to 5, whetaneans no significaarrier or importance and

5 means critical barrier or very high importance.

The potentiaberefits associated with use of construction and/or industrial waste
by-products in transportation infrastructure. The benefit questions \geréased

on the Liket scale from 1 to 5, where 1 means no significant importance and 5

means very high importas.
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4. Lastly, a free answer box was provided for the respondents to provide any
additional i nformati on r e guseoticonstqctionhe f i 1

and/or industrial waste by product in new transportation applications
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CHAPTER 4:RESULTSOF INQUIRIES ON USE OF CONSTRUCTION AND

WASTE BY-PRODUCTS IN CONCRETE PAVEMENT APPLICATIONS
4.1 Introduction:

The data collected for thaquiry from various Sta Highway Agencies (SHAS)
and contractorsvassummarized in tabular and graphical formatyrwhich the various
results (such as current utilization, barriers and benefits associated with construdtion an
industrial byproducts in concrete pavememtgreanalyzed. The analysis inclutithree
stages:

1. Analysis of responses from Ageninyquiry (SHAS)
2. Analysis of responses from Industnguiry (Contractors)
3. Evaluating risk tolerance by comparison iolquiry responses from both the

Industry and HAs.

Stage 1The responses from the agenaieseused toevaluatehe awareness and
useof by-products éruse reasons supporting tige (or consideration of usend barriers
and benefits of using construction daimdustrial byproductsin concrete pavement
appliations  Characterization tests that would provide confidence noagency
considering allowng such produdin pavement applicationwere also identified and
tabulated. Methods utilized tevaluate these responses incthidemmary tables with
descripti\e statistics (such as total, percent of total, mean, and standard deviation), and
graphicabplots of the data. A summary of analysis methods for each question od)they

is presented indble4.1 below:
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TABLE 4.1 Summary danalysis methods for data received from agenquiry

Question| Topic Type of | Graphical | Statistical measure
Responsg summary
1 Types of byproducts | Yes/No | Table, 1 Total agencies using each type
usedtype of use barchart | § Total number of agencies usingcha
byproduct for each type of use
1 Reason for use Yes/No | Table, 1 Total agencies using for each reasor
(Mauriya | §  Total reason for each type of
2019)bar byproduct
chart
2 Barriers for use in Likert Table, 1 Total number of agency responden
pavement foundation| Scale (1 | bar chart for each Likert scalealue with percent
to 5) 1 Average Ratingf total responses for
each barrier
3 Barriers for use as Likert Table, 1 Total numbef agency respondents
SCMs in new Scale (1 | bar chart for each Likert scale value withercent
concrete to 5) 1 Average Ratingf total respnses for
each barrier
4 Barriers for use as Likert Table, 9 Total number of agency respondents
aggregate in new Scale (1 | bar chart for each Likert sale value with percen
concrete to 5) 1 Average Ratingf total responsefor
each barrier
5 Test of byproduct Likert Table, 1 Total number of agency respondents
materials Scale (1 | bar chart for each Likert scale value with perce
to 5) 1 Average Ratingf total responsef®r
each test
5 Test of base materialy Likert Tabe, 1 Total number of agency respondents
stabilized with by Scale (1 | bar chart for each Likert scale value with perce
products to 5) 1 Average Ratingf total responses for
each test
5 Test of concrete Likert Table, 9 Total number of agency respaterts
incorporating by Scale (1 | bar chart for each Likert scale value with perce
products to 5) 1 Average Ratingf total responses for
each test
6 Test of byproduct Likert Table, 1 Total number ofgency respondents
aggregate or filler Scale (1 | bar chart for each Likert scale value withepent
materials to 5) 1 Average Ratingf total responses for
each test
6 Test of unbound base Likert Table, 1 Total number of agency respadents
material incorporating Scale (1 | bar chart for each Likert scale value with perce
recycled or by to 5) 1 AverageRatingof total responses for
product aggregate each test
6 Tests of stabilized Likert Table, 1 Total number of agenagspondents
base material Scale (1 | bar ctart for each Likert scale value with perce
incorporating recycleq to 5) 1 Average Ratig of total responses for

each test
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TABLE 4.1(Cont.) Summary of analysis methods for data received fro

Question| Topic Type of | Graphical | Statistical measure
Responsg summary
or by-product
aggregate:

6 Test of concrete Likert Table, 1 Total number of ageyaespondents
incorporating recycleq Scale (1 | bar chart for each Liket scale value with percen
or by-product to 5) 1 Average Ratingf total responses for
aggregate eah test

7 Benefits from use in | Likert Table, 1 Total number of agency respondents
transportation Scale (1 | bar chart for each Likert scale wae with percent
infrastructure to 5) 1 Average Ratingf total responses for

each benefit

8 Additional Open
Information Response

Stage 2: The responses from the contractae used to identify whethethey
allowed the use (or desired to use) construction and indubtrpfoducts. Also, the
barriers to use of bproducts and benefits of use of these matemare tabulated.
Methods utilized to evaluate these responses indlsdenmary tables with desptive
statistics (such as total, percent of total, mean, andatawuleviation), and graphical plots
of the data. A summary of analysis methods for eaelsign of theinquiry is presented
in Table4.2 below:

TABLE 4.2 Summary of analysis methods for data received fratustryinquiry

Quetgion | Topic Type of Graphical Statistical measure
Response summary
1 Types of byproductg Yes/No Table, bar 1 Total number of industry
usedtype of use chart respondents using each type

1 Total number of industry
respondents using each

byproduct for each typef
use
1 Reason for use Yes/No Table, bar 1 Total number of industry
chart respondents usingr each
reason

1 Total reason for each type ¢
byproduct
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TABLE 4.2(Cont.) Summay of analysis methods for data received from indus

Quesion | Topic Type of Graphical Statistical measure
Response summary
2 Barriers for use in | Likert Scale | Table, bar 1 Total number of industry
pavement (1to5) chart respondents for each Likert
foundation scale value with percent

1 Average Ratingf total
responses for eabarrier

3 Barriers for use as | Likert Scale | Table, bar 1 Total number of industry
SCMs innew (1to5) chart respondents for each Likert
concrete scale value witlpercent

1 Average Ratingf total
responses for each barrier

4 Barriers for use as | Likert Scale | Table, bar 91 Total number of industry
aggregat in new (1to5) chart respondents for each Likert
concrete scale value with percent

1 Average Ratingf total
respases for each barrier

5 Benefits from use in| Likert Scale | Table, bar 1 Total number ofndustry
transportation (1to5) chart respondents for each Likert
infrastructure scale value with percent

1 Average Ratingf total
responses for each benefit

6 Additional Open
Information Response

Stage 3: A comparison of risk tolerance between ageacdsdustry stakeholders
was performed by statistically comparing selected results from industry and agency
inquiries. TheMannWhitney U tes{McKnight and Najab 2010yasused to compare the
results between both tlequines. The various comparisongre
1 Conmparison of potential bamis associated with the use of construction and
industrial byproduct in pavement foundation
1 Comparison of potential barriers associated with tee af construction and

industrial byproduct as SCM or aggregat@ew concrete



94

1 Comparison ofperceived benef of concrete recycling using construction and

industrial byproduct

4.2 Summary of Key Findings

The Figured.1shows the states represented byiigiiry findings, which included
input from 21 DOTs plus the lllinois dllway Authority (total 22) and 20
contractofindustryfirms. As a remindenmost state agencid¢isat respondedre members
of the National Concrete ConsortiutdCC). Typically, respondents artate Materials
Enginees, State Pavemelingineers, State Concrete Engirse@avement Construction
Enginees , or their desi gnee wi Theindustry bueveya g e n c
respondents were primarily prime contractors involved in concrete pallisgntractors
from paving companiesapable of bidding/securing inteait concrete pavement projects.
Typical respondents afrojectManagersSenior Project Managers, oExecutivesalong
with two material supplies whoser e s p o nroles aré Axyda ManagersDirector of

Market Development

Total Responses

24
22
20
18
16
14
12
10

N B O

Agency Industry
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FIGURE4.1 Graph showing total responses from SHAs and Industries

M 10 States: Agency + Industry Responses
4 States: Industry Responses Only
M 11 States: Agency Responses Only

FIGURE4.2 States represented by the SHAs= 21)andIndustries(n = 20)that
responded to thiemquiry questions

The US map shown irigure 42 highlights of thestates from where the SHAs and
industries responded to the survey. It can be seen that there are 10 common states, 4 states

for industry responses only and 11 states for agency responses only.

4.3 State Hignway Agencies Responses:
A total of 22 responsesere received from the different state highway agenéiggile

4.3).
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FIGURE4.3 States represented by the SHAs that responded inghiey
guestions

Key Findings:
Key findings of the study indicated that theost usedby-product is recycled

concrete aggregate in pavement foundation and in new concrete. The materials such as
water teatment residuals, concrete grinding slurry and fines, hyenaolition residual
material, brick waste and plastics are not at all allowetthd® agencie® date in pavement
foundations. Along with the materials not used in pavement foundation, cruivdy ad

porcelain are also not used in new concrete.

The utilization of rest of the materials are as follows:

4.3.1Pavement Foundation
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Tale 4.3 Shows the number of SHA respondents using each type of material in
pavement foundation. It can be seen that most of the responders use RCA and RAP in

pavement foundation as a substitute material.

TABLE 4.3 Responses for @stion2 of Agency Inquiry

Q2. Which of the following construction and/or industrial by-products are you Pavement Foundation
allowing (or considering allowing) in concrete pavement applications? Yes | Considered | No
Bottom ash 2 2 18
Off-specification flyash 3 7 12
Rice husk ash 0 1 21
Sugar cane ash 0 1 21
Water treatment residuals 0 0 22
Recycled concrete aggregate 17 1 4
Mixed rubble (recycled aggregates from mixed sources) 6 2 14
Recycled asphalt pavement 14 1 7
Concrete grinding slurry and s 0 0 22
Hydro-demolition residual material 0 0 22
Brick waste 0 0 22
Crushed glass 3 1 18
Crumb rubber 2 0 20
Porcelain 1 0 21
Plastics 0 0 22
Pavement Foundation
Bottom ash ===
Off-specification fly ash
Rice husk ash
Sugar cane ash
Water treatment residuals
Recycled concrete aggregat®
Mi xed rubble (recycl @0 —a00leg-ate5..from mixedé
Recycled asphalt pavemerit
Concrete grinding slurry and fines
Hydro-demolition residual material
Brick waste
Crushed glassf
Crumb rubber ==
Porcelain =
Plastics
0 5 10 15 20 25

mYes mConsidered m No

FIGURE4.4 Responses for Question 2Agency Inquiry
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4.32 Barriers ofusing byproducts in pavement foundation:

From theTable4.4, it can besurmisedthat the most critical barrier for agencies
that likely hindeing the use of byproducts in pavement foundation is tperceived
durability of by-productwith a high averageating (4.4) Potential avironmental impact
and availability of the material does not seem t@abgreatof a barrier a®ther barriers.

Economicbarriers to usef the byproductswere viewedasfar less imprtantto the SHAs

(2.6).
TABLE 4.4 Responses for Questidrof Agency Inquiry
. . Very

Q4. On a scale of 1 to 5, please rate the importance (or No Some e High High
magnitude) of the following potential barriers within your Import Import ta‘;\t Import I go " Aver
agency to usingconstruction or industrial by-product in ance ance (%) ance aEce age
pavement foundations. Bundation applications include (%) (%) (%) (%) Ratin
bound bases/subbases, unbound bases/subbases, and g
natural/stabilized soils. 1 2 3 4 5)
Concerns regarding dusiity of the by-product in service 0 0 3 7 12 4.4
Concerns regarding variability in material properties 0 1 2 10 9 4.2
Concerns regarding foundation strength and/or stability 0 2 5 10 5 3.8
Ready availability of good, inexpensive SCM and natural 1 4 5 4 8 3.6
aggregte sources
Concerns regarding environmental impacts (e.g. runoff, 2 2 7 7 4 34
leachate, etc.)
Concerns regarding the material supply being consistently 0 4 9 6 3 34
available
Specifications currently restrict use 4 7 4 6 2.9
Regulaory barriers (permitting, environmental regulations) 2 6 9 4 1 2.8
Economics (e.g. costs of producing/procuringpogduct vs.

A . 4 5 9 3 1 2.6
cost of conventional materials)
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Average Rating by Respondents

Concerns regarding durability of the by-product _

service
Concerns regarding variability in material properti ESHI—

Concerns regarding foundation strength andb

stability

Ready availability of good, inexpensive SCM ar_

natural aggregate sources

Concerns regarding environmental impacts (e_

runoff, leachate, etc.)

Concerns regarding the material supply bei_

consistently available
Specifications currently restrict us I

Regulatory barriers (permitting, environment_

regulations)

Economics (e.g. costs of producing/procuring b—

product vs. cost of conventional materials)
0.0 05 10 15 2.0 25 30 35 40 45 50

FIGURE4.5 Responses for Question 4 of Agency lingu

4.3.3New Concrete:

Table 4.5 shows the number of SHA respondents using each type of material in
new concrete. The table shows that most of @gencieshave not usednost of the
byproductmaterials in new concret@he nost often usedbyproductmateral in new
concretds RCA. Othethan RCA, bottom asloff-specification fly ashmixed rubble and

RAP are the only materialsve beemsed by few agency respondents.

TABLE 4.5 Responses for Question 2 of Agency Inquiry

Q2. Which of the following construction and/or industrial by -products are New Concrete
you allowing (or considering allowing) in concrete pavement applications? Yes | Considered
Bottom ash

Off-specification fly ash 6

Rice husk ash 0 3 19
Sugar ane ash 0 2 20
Watertreatment residuals 0 0 22
Recycled concrete aggregate 8 6 8
Mixed rubble (recycled aggregates from mixed sources) 2 19
Recycled asphalt pavement 2 19
Concrete grinding slurry and fines 0 0 22
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TABLE 4.5Cont.)Responses for @stion 2 of Agency Inquiry

Q2. Which of the following construction and/or industrial by -products are New Concrete

you allowing (or considering allowing) in concrete pavement applications? | yes | Considered | No
Hydro-demolition residual mategi 0 0 22
Brick waste 0 0 22
Crushed glass 0 2 20
Crumb rubber 0 0 22
Porcelain 0 0 22
Plastics 0 0 22

New Concrete

Bottom ash =
Off-specification fly ash %
Rice husk ash
Sugar cane ash
Water treatment residuals
Recycled concrete aggregaté
Mi xed rubble (recycl@&d. . aggregates. from._mixed?é
Recycled asphalt pavemerit®
Concrete grinding slurry and fines
Hydro-demolition residual material
Brick waste
Crushed glass
Crumb rubber
Porcelain
Plastics

0 5 10 15 20 25

= Yes = Considered = No
FIGURE4.6 Responses for Question 2 of Agency Inquiry
4.3.4Barriers of using byproducts in new concrete as SCM:

It was seerfrom Table 4.6that theactual or perceivedlurability of the new
concrete is a major concern for the agencies that makes them unconfident in using new by
products as SCM in concretd his barrier had a score (4.5) significantly higher than the
next greatest barrier, variability in the material properties (4T2) actual or perceived

variability in materials properties also has a high rating by agencies. Economics and
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regulatory barrierare of least importance to the agencies. The avatlabilthe materials

is also important to the SHAs.

TABLE 4.6 Responses for Question 5 of Agency Inquiry

No Some [ High Very High
Q5. On a scale of 1 to 5, please rate the Importance | Importance p(% ) Importance | Importance
importance (or magnitude) ofthe following (%) (%) (%) (%)
potential barriers to using constructionor Average
industrial by -products as supplemental Rating
cementitious materials (SCMs) in new 1 2 3 4 5
concrete.
Concerns regarding the durability of thew 0 1 1 6 14 45
concrete
Concer_ns regarding variability in material 0 1 2 10 9 4.2
properties
Concerns regarding other properties of
hardened concrete (e.g., shrinkagmefficient 0 2 5 7 8 4.0
of thermal expansion, creep, etc.)
Concerns regardingerformance of fresh
concretd setting time, workability, etc. 0 1 ! ! ! £l
Concerns regarding the strength of the new 0 4 1 12 5 38
concrete
Conc_erns regarc_jlng thmaterial supply being 1 2 8 8 3 35
consistently available
Ready ava_llablllty of gomntlon_al materials 1 4 8 6 3 3.3
that are suitable and inexpensive
Specifications currently restrict use 2 7 6 3 4 3.0
Lack of guidance on conducting concrete
mixture designs and proportioning using thes 3 3 11 3 2 2.9
materials
Economics (costs of pmlmn_g/procunng_ by 3 2 13 3 1 29
product vs. cost of conventional materials)
Regulqtory barriers (permitting, environmentg 5 6 1 2 1 27
regulations)
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Average Rating by Respondents
Concerns regarding the durability of the new concréic——

Concerns regarding variability in material propertiéSH——
Concerns regarding other properties of harde
concrete (e.g., shri , of t her

Concerns regarding performance of fresh conc‘fret—

setting time, workability, etc.
Concerns regarding the strength of the new concigicll—

Concerns regarding the material supply bei_

consistently available

Ready availability of conventional materials that a_

suitable and inexpensive
Specifications currently restrict us Sl

Lack of guidance on conducting concrete mixt:_
designs and proportioning using these materi
Economics (costs of producing/procuring by-prodt_

vs. cost of conventional materials)

Regulatory barriers (permitting, environment_

regulations)
00 05 10 15 20 25 3.0 35 40 45 50

FIGURE4.7 Responses for Question 5 of Agency Inquiry

4.3.5Barriersof using byproducts in new concrete aggregate or filler material:

Similar to the barriers of using the-pyoducts as SCMhe most critical barrier
identified is the durability of new concretath a rating (4.5) which droppesignificantly
(to 4.1) for the next three consecutive barriefse hree barriers that ka same rating,
variability in material properties, performance of fresh concrete mmbies of hardened
concrete propertieare also of very high importance to most of the agencieul&egy
barriers and specifications that currently restrict the use-ptbgucts areiewedto have
less importance to many agenciedf note, regulairy barriers were rated significantly
lower (2.6) than the next two least important barriers specditagstrictions and lack of

guidance (3.0).



TABLE 4.7 Responses for Question 6 of Agency Inquiry
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Q6. On a scale of 1 t®, please No Some High Very High

: Important
rate the importance (or Importance | Importance (%) Importance Importance
magnitude) of the following (%) (%) (%) (%) Average
potential barriers to using Rating
construction or industrial by - 1 2 3 4 5
products as aggregates or inert
fillers in new concrete.
Concerns regarding the durability 0 1 1 6 14 45
of the new concrete
Conct_erns regar(_ilng variability in 0 1 4 9 8 a1
material properties
Concerns regarding performance ¢
fresh concreté setting time, 0 0 6 8 8 4.1
workability, etc.
Concerns regarding other properti|
of hardened concrete (e.g.,
shrinkage, cefficient of thermal 0 3 2 ! 10 oo
expansion, creep, etc.)
Concerns regarding the strength 9 0 5 3 13 4 3.9
the new concrete
Concernsegarding the material
supply being consistently availablg 1 3 5 ° 4 £
Ready availability of conventional
materialsthat are suitable and 2 3 7 5 5 34
inexpensive
Economics (costs of
producing/procuring byroduct vs. 2 2 12 4 2 3.1
cost of conventionahaterials)
Lack of guidance on conducting
concrete mixture designs and 1 4 12 3 2 3.0
proportioning using these material
Specifications currently restrict usg 2 8 6 0 6 3.0
Reg_ulatory barriers (_perm|tt|ng, 3 7 9 2 1 26
environmentategulations)


























































































































































































































































































































































































































































