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ABSTRACT

Energy efficient concrete houses demand cementlbas¢erials with reduced thermal
conductivity. This study focus on the effect of theernal structure on the interaction of
mechanical and thermal properties of concrete. ifikernal structure was evaluated
individually and combined with the variation of &ler constituents: supplementary
cementing materials (SCM) (fly ash), fine lightweigaggregates (LWA) (fine expanded
clay) and coarse LWA (expanded shale, expanded elgyanded polystyrene). The
effect of LWA in pervious concrete was also evaddat

The three constituents individually presented ahéigdecrement on compressive
strength than on the thermal conductivity. Fly asks the least effective for thermal
conductivity reduction (14%), while coarse expandiey (54%) was the most effective.
The replacement of expanded clay for expanded fyobrse, which represent a
reduction of LWA thermal conductivity of 90%, redutthe thermal conductivity of

LWA concrete in less than 15%, for a 30% LWA volunide thermal conductivity

behaved closer to a parallel composite model, thighminimum tortuosity effect on the

heat flux.

The combined effect reduced the thermal condugtiint 75%. Fine expanded clay
(FEC) produced a greater reduction on thermal ccoindty and a lower reduction on
compressive strength than coarse expanded clay )(@i&Ghe pore size distribution
refinement, decrease in maximum pore size and aserén spatial distribution of FEC
within the concrete. The combination of constitgeggnerates a higher tortuosity effect
in the heat flux with the reduction of thermal lgg$ within the concrete. In despite of
the higher rate in compressive strength reductimause of FA allows to achieve lower
values of thermal conductivity, reducing the hda through the binder. LWA pervious
concrete was less efficient on the mechanical hathtal properties due the increase of

pore size distribution and maximum pore size.
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Keywords: Lightweight aggregates, expanded claypaeded shale, expanded
polystyrene, fly ash, thermal conductivity, compgies strength, two-phase models,

porosity properties, pore size distribution, CTrsqaervious concrete, porous concrete



RESUMEN

En vias de aumentar la eficiencia energética dedaas, la conductividad térmica del
hormigon debe reducirse. Este estudio se enfo@ efecto de la estructura interna en
la interaccion de las propiedades mecanicas y ¢asndel hormigon. La estructura
interna se evalu6 de forma individual y combinadan da variacion de tres
constituyentes: materiales cementantes suplemestddenizas volantes), agregado
liviano (LWA) fino (arcilla expandida fina) y LWA rgeso (lutita expandida, arcilla
expandida, poliestireno expandido). También seuéval efecto de LWA en hormigon
permeable.

Los tres constituyentes presentados individualmema mayor disminucion en la
resistencia a la compresién que en la conductividadica del hormigdn. Las cenizas
volantes fue el menos efectivo en la reduccion alednductividad térmica (14%),
mientras que la arcilla expandida gruesa (54%)elumas efectivo. La sustitucion de
arcilla expandida por poliestireno expandido, geeresenta una reduccion de la
conductividad térmica del 90%, redujo la condudthd térmica del hormigdn en menos
de 15%, para un volumen de 30% del constituyens&o HItimo es debido a que la
conductividad térmica se comporta mas cerca deageln compuesto en paralelo, con
un efecto minimo de tortuosidad en el flujo de calo

El efecto combinado redujo la conductividad térnmeocaun 75%. La Arcilla expandida
fina (FEC) provocé una mayor reduccion en la cohidigad térmica y una menor
reduccion en la resistencia a la compresion gaecida expandida gruesa (CEC) debido
a: refinamiento de la distribucién del tamafio deop, disminucion de maximo tamafio
de poros y aumento en la distribucién espacial BE Flentro del hormigén. La
combinacion de los constituyentes genera un magotaede tortuosidad en el flujo de
calor con la reduccidon de puentes térmicos dergrdarmigon. A pesar de la tasa mas
alta en la reduccion de resistencia a la compresbiso de FA permite conseguir
valores mas bajos de conductividad térmica, lorgdace el flujo de calor a través de la
pasta. El hormigbn permeable con LWA fue menosiarfie en las propiedades

Xi



mecanicas Yy térmicas, debido al aumento de lakilisibn de tamafio de poro y tamafio

de poro maximo.

Palabras clave: agregados livianos, arcilla exgindiutita expandida, poliestireno
expandido, cenizas volantes, conductividad térmiessistencia a la compresion,
modelos de dos fases, propiedades de porosidatipaisdn de tamafio de poros,

tomografia computarizada, hormigén permeable, fggmporoso
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1. STRUCTURE OF THESIS

Chapter Two presents an introduction of the statthe art of mechanical and thermal
properties of concretes. The chapter analyzes lla@ges in the internal structure that
reduce the thermal conductivity of concrete withitlcollateral effect in the compressive
strength. Chapter Three presents the knowledgedgapified from the state of the art. It
also includes the hypothesis, objectives and meilogg.

Chapters Four, Five and Six presents three artibl@isare going to be submitted to ISI
journals. Chapter Four analyses the independeattedf constituents (fly ash, lightweight
aggregates) in the interaction of mechanical amdnl properties of concrete. Chapter
Five aims to understand and assess the effect r@edaction of the combination of
constituents (fly ash, lightweight aggregates)hia thermal and mechanical properties of
concrete in order to reduce the thermal condugtivith the lowest impact in compressive
strength. Chapter Six explores the effect of thalmoation of lightweight aggregates with
no-fines concrete in the mechanical and thermapgmges. Chapter Seven presents the

conclusions and recommendations generated fromedgarch.



2. INTRODUCTION

Space heating and cooling of residential sectoowticover 10% of total primary energy
consumption in United States, Europe and Chile gG@cion de Desarrollo Tecnoldgico,
2010; DOE, 2012; Pérez-Lombard, Ortiz, & Pout, 200dis is the main reason behind
design energy codes demand thermal resistanceuittliiy’s envelope to improve the
energy efficiency (IEA, 2013). Therefore, the thatmperformance must be considered as
important as the mechanical performance in a ngldi design. Concrete, the most used
construction material, excels in mechanical properand constructability, but lacks in
thermal resistance.

Building codes demand thermal insulation for coter@all houses in most populated
areas of Chile (MINVU, 2011) and worldwide (EURIM&007; IECC, 2009) to improve
the energy efficiency (IEA, 2013). Concrete househk walls of 15 cm width in Santiago,
Chile demand a thermal conductivity of 0.42 W/mKyereas the thermal conductivity of
conventional concrete ranges 1.4-2.3 W/mK (Kha®22&.-H. Kim, Jeon, Kim, & Yang,
2003; Lamond & Pielert, 2006). This has limited tmarket share of concrete home
building systems. Cast in place concrete wall haime is 20% in Chile (INE, 2013) and
less than 2% in USA (Portland Cement Associatio12). The required thermal
insulation increases the direct costs (labor, majesind limits its use compared to other
construction systems.

The inclusion of pores in concrete increments thermal resistance but reduces the
mechanical resistance (AClI Committee 213, 2013;n@te & Berntsson, 2002; Holm &
Bremner, 2000; Popovics, 1998; Short & Kinnibur§j@63). Therefore, a careful design of
the internal structure of concrete is required hhamce the balance between thermal
conductivity and compressive strength. Previouglietu showed that the increase of
porosity in concrete with the inclusion of lightwht aggregates and the replacement of
Portland cement for supplementary cementing madsef&CM) decrease the thermal
conductivity, which is inversely proportional tcetthermal resistance, but in expense of a
lower compressive strength (AClI Committee 213, 20CBandra & Berntsson, 2002;
Demirboga, 2003b). The changes presented in tbmafitre of the internal structure of



concrete considered the binder, the aggregatestlamdinternal porosity. The latter

corresponds to a special type of concrete: penaoum-fines concrete.

2.1. Binder effect on mechanical and thermal properties

The binder, a mix of cementitious materials andewais the binding agent that
agglomerates the aggregates of concretes. OrdParyand cement (OPC) is the
most used cementitious material, while supplemgntamenting materials (SCM)
are used as partial replacement of OPC. SCM prékertienefits of cost reduction,
recycle of waste products, and the reduction db@arfootprint of concrete due the
CO, emissions associated with OPC (Bilodeau & Malhot28@00; Metha &
Monteiro, 2014; Metha, 2004). Between the SCM tmtespond to industrial by-
products are fly ash (FA), silica fume (SF) andsblarnace slag (BFS). FA is a by-
product of coal power plants, SF of the productbrsilicon or ferrosilicon alloys
and BFS of the iron production (Metha & Monteir©,12).

The influence of FA, SF and BFS in the mechanicaperties of concrete have been
widely studied (Berry & Malhotra, 1981; Bilodeau Malhotra, 2000; Bouzoubai,
Zhang, & Malhotra, 2001; Li & Zhao, 2003; Megat adhBrooks, Kabir, & Rivard,
2011; Metha & Monteiro, 2014; Metha, 2004; Papaslakntiohos, & Tsimas, 2002;
Ramezanianpour & Malhotra, 1995; Turkmen, Gul, K;e8i Demirbgza, 2003). On
the other hand, only few studies have charactetizedhfluence of these SCM in the
thermal properties of concrete. The increase of S€@Macement level for OPC
decreased the thermal conductivity of mortar amdldi (K.-H. Kim et al., 2003).
The interaction between thermal and mechanical gotigs has been more limited
studied.

The Water to Binder ratio (W/B) is one of the mmsportant parameters to design
the mechanical strength of normal weight aggregatecretes. It is widely known
that the increment of W/B reduces the compressirength (Metha & Monteiro,
2014). Figure 2-1 shows that the increment of WIBo areduces the thermal
conductivity of binders at oven-dry density. Therement of W/B from 0.25 to 0.40



reduced the thermal conductivity of binder in 2786 en-dry density, while at fully

saturated conditions remained constant (K.-H. leinal., 2003). Nevertheless, the
replacement of OPC for FA, SF or BFS presents hdnignpact in the reduction of
thermal conductivity than the increment of W/B. iig 2-1 also shows differences
on the thermal conductivity for similar W/B and 2000OPC between previous
studies. The chemical composition of cement, hyanatrate, measurement
conditions and techniques might influence the viamain the results.

1.00 g 0 100% OPC (Kim et. al.,2003)
0.90 -
(m] <€ 100% OPC (Hochstein,2013)

< 0.80 -
E o A 0100% OPC (Fu & Chung,1997)
= 0.70 -
: 0.60 o @ 15% SF weight replacement
s (Fu & Chung,1997) ‘
S 050 - (o] <A> A 100% OPC (Demirboga & Giil,
5 o 2007)
s 0.40 - o A 70% BFS weight replacement
o
= ® &  (Demirboga, 2003)
£ 0.30 - A A 70% FA weight replacement
o Demirboga, 2003
£ 020 - ( 8 )

0.10 -

0.00 ‘ T T T

0.3 0.4 0.5 0.6 0.7 0.8
Water/Binder ratio

Figure 2-1. Relationship between thermal condutivand W/B of binders.
(Demirboga, 2003b; Fu & Chung, 1997; Hochstein,2®&L-H. Kim et al., 2003)

Figure 2-2 shows the effect of FA, SF and BFS @ptzent level in the compressive
strength and thermal conductivity of mortars (Ddroga, 2003a, 2003b). The
increment of replacement level reduced both thepressive strength and thermal
conductivity. A 10% replacement level of SF for OR@s the only mixture where

the compressive strength was higher than the dontostar. BFS presented the



smaller effect in both properties with the increadethe replacement and is not
recommended compared to FA and SF. The two latesepted a similar thermal
conductivity for the same replacement level, witte tSF being slightly more
efficient. SF was also more efficient than FA induweing the decrement of
compressive strength. Nevertheless, SF does now dligh volume replacement

levels due its higher fineness (Metha & Monteir@12), as opposed to FA and BFS.
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o
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SCM replacement level, by weight SCM replacement level, by weight

Figure 2-2: Effect of the SCM replacement leveltiie compressive strength and

thermal conductivity for mortars (Demirboga, 2002a03b)

Figure 2-3 shows that the thermal conductivity setal decrease linearly with the
increment of OPC replacement ratio. The slopesigidire 2-3 represent the cost in
compressive strength of lowering the thermal cohdilg. Beside FA, SF and BFS
presented similar slopes, the effect in compressivength varied for the same
thermal conductivity. SF allowed a higher compressitrength for the same thermal
conductivity than FA. BFS presented the higher rtfa@rconductivity of the three
SCM.



D
o

w1
o
I

IS
o
;\‘a
]

AA
20 A
y'Y
B OPC
10 OPC+SF
A OPC+FA

Compressive strength, 28 days (MPa)
w
o

0 ® (?PC+BF§

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
Thermal conductivity (W/mK)

Figure 2-3: Relationship between thermal condustiand OPC replacement ratio of
different SCM in mortars. (Demirboga, 2003a, 2003b

Other studies reported a decrease in thermal condyand compressive strength
with the increment of FA replacement level in moréad concrete (Bentz, Peltz,
Duran-Herrera, Valdez, & Juarez, 2010). Moreovee thermal conductivity of
mortars presented a higher reduction for Class GHai Class F FA (Bentz et al.,
2010). A ternary mixture of SF and FA was also tddor low replacement levels.
A 7.5% of SF and 7.5% of FA replacement level byghtfor OPC reduced the
thermal conductivity in 19% and increased the 28thpressive strength in 21%
(Demirbgza, 2007).

There is a lack in the analysis of the interacti@tween thermal conductivity and
compressive strength for SCM concretes. The eftdcSCM in the thermal
conductivity have been associated with the incréroéporosity with the increase of
SCM replacement level and the lower thermal condiigtof anhydrate SCM
compared to anhydrate OPC (Demirboga, 2003b). Fhages in the microstructure
caused by SCM might be the cause of the reducfitimeomal conductivity. There is
also a lack of understanding in the relationshiptwben the changes in
microstructure with FA and thermal conductivity.



2.2. Aggregates effect on mechanical and thermal propdds

The main factors that affect the thermal condutief concrete with normal weight
aggregates (NWA) are the aggregate volume fractioneralogical composition and
degree of crystallization (Demirpa, 2007; K.-H. Kim et al., 2003; Lamond &
Pielert, 2006). Khan reported that the thermal cetidity of limestone NWA is
3.15 and quartzite NWA is 8.58 W/mK for oven-dryndiy (Khan, 2002). Figure
2-4 shows the effect of aggregates with differeimeralogical compositions. The
thermal conductivity of concretes ranged from 1W@OmK for limestone to 2.29
W/mK for quartzite. It is well known that crystaie structure present higher thermal
conductivity than amorphous and vitreous (Ghoshdiast 2012). In other study,
mortars with siliceous fine NWA presented a higlleermal conductivity than

concrete with limestone fine NWA (Bentz et al., ap1
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Figure 2-4: Effect of type of aggregate in the tharconductivity of concrete (Khan,

2002)

Lightweight concretes present a lower density duleigher porosity and can be
classified in (Short & Kinniburgh, 1963): (1) ligheight aggregates concrete, where

the normal weight aggregates are replaced by ligigiwt aggregates, (2) no-fines



concretes, where the fine aggregates are removed3rfoamed concrete, where
gas bubbles are created in a cement slurry befar@ehing. The present research
focuses in the first two types of lightweight coeter.

Lightweight aggregates (LWA) present a cellularepstructure and a higher porosity
than NWA. Figure 2-5 shows the effect on densitg§ aompressive strength of the
most common LWA. LWA can be classified as natuvahiere present a volcanic
origin (scoria, expanded perlite, pumice) and sgtith where are produced by a
thermal treatment of materials with expansive prige (expanded clay, shale, slate)
(Chandra & Berntsson, 2002). Other synthetic LWA amndustrial by-products,
which may require the addition of materials andrrtied treatment for expansion
(expanded glass, fly ash LWA) or may not (cenosghguoliutherane, PET).
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Figure 2-5: Ranges of densities of LWA concretestfM & Monteiro, 2014)

There are many studies focused on mechanical pgrepef LWA concretes with
compressive strength ranging 20-100 MPa for ingai@aldarone & Burg, 2004;
Chandra & Berntsson, 2002; Holm & Bremner, 2000;r&h@, Martinez, & Lopez,
2014; Short & Kinniburgh, 1963; Videla & Lopez, 200Zhang & Gjjrv, 1992).
Literature shows that LWA reduces the thermal catidity of concrete (Chen &



Liu, 2013; Gunduz, 2008; H. K. Kim, Jeon, & Lee 120 Mateos, Ayala, Blanco, &
Garc0, 2000; L H Nguyen, Beaucour, Ortola, & Nourdp2014; Q L Yu, Spiesz, &
Brouwers, 2013; Yun, Jeong, Han, & Youm, 2013).

It is widely known that the reduction of concretendity reduces the thermal
conductivity (AClI Committee 213, 2013; Valore Ir980). Figure 2-6 show that the
reduction of concrete density with the replacensnNWA for LWA reduces the

thermal conductivity in more than 90%. Figure 2H®ws a wide variation on the
thermal conductivity for the same density. The adidun in thermal conductivity of

LWA concretes is associated with the porosity of AW he differences in mixture

design, moisture content and thermal measuremehnitpues affected the variation
obtained. Figure 2-7 shows the thermal conductifaty reported LWA concretes
with oven-dry density. The model proposed by Val@t880) underestimates the
thermal conductivity of recent results of LWA coeitas for oven-dry density higher
than 1200 kg/rh
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Figure 2-6: Relationship between thermal condugtivand density of LWA

concretes.
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Note: Expanded clagMeille, Chanvillard, Schwartzentruber, & Emmanieinnet,
2013; L H Nguyen et al.,, 2014; M Schlaich & Zare2f08; Yun et al., 2013)
expanded shaléMeille et al.,, 2013; L H Nguyen et al., 2014; Yeh al., 2013)
expanded glass (Q L Yu et al., 2013; Q.L. Yu, 3pi&sBrouwers, 2013), pumice
(Gindluz, 2008; L H Nguyen et al., 2014enospheres (Mateos et al.,, 2000),
expanded perlite (Sengul, Azizi, Karaosmanoglu,li&28911), expanded polystyrene
(Park & Chilsholm, 1999), poliutherane, PET (Fratatli et al., 2011), NWA H
Nguyen et al., 2014)
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Figure 2-7: Relationship between thermal condugtiand oven-dry density for

LWA concretes

Note: Expanded clayMeille et al., 2013; L H Nguyen et al., 2014; MhBach &
Zareef, 2008; Yun et al., 201 3xpanded shal@Meille et al., 2013; L H Nguyen et
al., 2014; Yun et al., 2013gxpanded glas@ L Yu et al., 2013; Q.L. Yu et al.,
2013) pumice(Gunduz, 2008; L H Nguyen et al., 201d¢nospheres (Mateos et al.,
2000).
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Few studies in the recent years have charactetizedthermal and mechanical
properties of LWA concretes simultaneously for exged clay (L H Nguyen et al.,
2014; Mike Schlaich & Zareef, 2008; Yun et al., 3Rlexpanded shale (L H Nguyen
et al., 2014; Yun et al., 2013), expanded polystgréPark & Chilsholm, 1999) and
other LWA (Gundiz, 2008; Mateos et al., 2000; Uy&s#mirb@a, Sahin, & Gll,
2004; Q.L. Yu et al., 2013).

Recent studies developed structural LWA concretiéls ww thermal conductivity.
Kim et. al. elaborated LWC with expanded shale@sse aggregate and bottom ash
as fine aggregate. It reported dry thermal condgiigfi compressive strength and
porosity of 0.5 W/mK, 22 MPa and 29%. (H. K. Kim at, 2012). Mateo et. al.
reported LWC with cenospheres as aggregates witsitye and dry thermal
conductivity of 1100-1500 kg/m3 and 0.46-0.63 W/n@ubic compressive strength
ranged 5-35 MPa (Mateos et al., 2000). Anotherystuidh cenospheres obtained
thermal conductivity at oven-dry density of 0.28mW, with compressive strength
over 30 MPa (Wu, Wang, Monteiro, & Zhang, 2015).

Q. L. Yu et. al. developed self-compacting lightgldi concrete with expanded glass
as aggregates. Compressive strength and dry theonductivity were 23 MPa and
0.49 W/mK respectively (Q.L. Yu et al., 2013). Liafa developed 100% lightweight
structural concretes with low thermal conductivityreported compressive strength
at 28 days of 29 MPa and thermal conductivity &20W/mK with expanded clay
concrete. (Meille et al., 2013). The influence aief LWA in structural LWA
concrete was studied with pumice, expanded shaleegpanded clay as lightweight
aggregates. Dry density and dry thermal condugtieit LWC with fine NWA
ranged 1410-1520 kg/m3 0.67-0.71 W/mK, while corapiree strength ranged 31-40
MPa. A 100% fine NWA for LWA replacement decreaslee thermal conductivity
thermal conductivity at oven-dry density to 0.430.W/mK with compressive
strength ranging 22-34 W/mK. Nevertheless, thera lack on the effect of LWA
volume in those properties, as fine or coarse agee

There is also recent evidence of LWA concretes Wwothier thermal conductivity

used in concrete wall houses. In Switzerland, sechiPatrick Gartmann elaborated
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an insulating concrete with expanded clay and ed@dnglass, with cubic
compressive strength of 8 MPa and thermal condttof 0.32 W/mK. (Zareef,
2010). Schlaich and Zareef reported a lightweigimceete elaborated with expanded
clay and air entraining agent for external wall $e&1 They reported a cubic
compressive strength of 7 MPa, thermal conductigityoven-dry density of 0.18
W/mK and oven-dry density of 760 kgirfMike Schlaich & Zareef, 2008).

Gunduz reported a pumice LWA concrete with compvesstrength of 14 MPa and
thermal conductivity of 0.35 W/mK (Gundiz, 2008paf concrete dry density
ranged 650-1850 kg/m3, while the thermal condustivanged 0.23-0.48 W/mK
(Othuman & Wang, 2011). Concrete with 60% of silaerogel volume exhibited
thermal conductivity of 0.26 W/mK, cubic compressistrength of 8.3 MPa and
density of 1000 kg/m3 (Gao, Jelle, Gustavsen, &Bsen, 2014).

Figure 2-8 shows a wide variation of results ondbenpressive strength and thermal
conductivity between different LWA and for the satgpe of LWA. The mixture
design (binder content, W/B, fine NWA volume), ntare content, measurement
techniques for thermal properties make difficulctmpare the effect of the type of
coarse LWA in the thermal and mechanical propertdady one study reported the
influence of fine LWA in the interaction of thermahd mechanical properties for
structural LWA concretes (Q.L. Yu et al., 2013).eféfore, there is still a lack of
knowledge on the effect of the type and volume @drse LWA in thermal and
mechanical properties of lightweight concretes. &bwer, previous studies have not
assessed the effect of the lightweight aggregatesthe thermo-mechanical

performance of concrete.
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Figure 2-8: Interaction between compressive stremgtd thermal conductivity of

LWA concretes

Note: Expanded clafjMeille et al., 2013; L H Nguyen et al., 2014; MhBach &
Zareef, 2008; Yun et al., 2013xpanded shal@Meille et al., 2013; L H Nguyen et
al., 2014; Yun et al., 2013expanded glas@Q) L Yu et al., 2013; Q.L. Yu et al.,
2013) pumice(Gundiz, 2008; L H Nguyen et al., 201dgnospheres (Mateos et al.,
2000).

The moisture content also affects the thermal coimndty. Limestone NWA
concrete exhibited 57.1% and 21.4% higher therraatlactivity for moist and 50%
RH ambient conditions compared to oven dry (Lamé&n®ielert, 2006). A fully
saturated concrete increased the thermal condiyciivir0% compared to oven-dry
density (Khan, 2002). Thermal conductivity of fuBaturated concrete, mortar and
paste were independent of curing age between 32&8nhdlays of hydration; it
decreased less than 3% between 3 and 28 days (Kirtet al., 2003).

One limitation of the previous studies is that tlggnerally measure the thermal

conductivity of oven-dry density (L H Nguyen et,&014; Q.L. Yu & Brouwers,
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2012), but this is not the actual moisture conditim the field. In fact, the
equilibrium density (ASTM, 2014c; Holm & BremnelQ@D) is used to represent the
in-service ambient density of LWA concretes, whodntains a moisture content of
approximately 4% by volume (Valore Jr., 1980). dwotf the term equilibrium density
is used for LWA concretes (ASTM, 2014c) which caméamore water, compared to
the oven-dry density. This additional water incemathe thermal conductivity up to
20% (Holm & Bremner, 2000; Khan, 2002; Lamond &l&ig 2006). Therefore, it is
required to use the equilibrium density for betepresent the actual performance of
the mixtures.

In despite of the effects of LWA and FA in thernpabperties of concrete, there is a
lack of studies analyzing their effects simultarspuDemirbga & Gul (Demirb@a

& Gul, 2003) showed that the combination of fine AWexpanded perlite, pumice)
with FA replacement level of 10%-30% decreaseddiyethermal conductivity of
concrete to 0.15 W/mK, but also decreased thea¥Bedmpressive strength to 3
MPa (Demirbga & Gul, 2003). Therefore, the resulting mixtureswent suitable for
structural concrete walls. To the authors knowlettgge are not previous studies
focused in the understanding of the factors thdluence the interaction of

mechanical and thermal properties.

2.3. Pervious concrete effect on mechanical and thermakoperties

Pervious concrete, also known as no-fines or pocousrete is composed of paste
and gap-graded coarse aggregates, where the conmpcdioem an internal pore
structure, with the porosity ranging 15-30% (DeoN&ithalath, 2011; J. Kevern,
Schaefer, & Wang, 2009; J. T. Kevern, Schaefer, &4/ 2008; Sumanasooriya,
Deo, & Neithalath, 2013; K. Wang, Schaefer, Kevé&ruleiman, 2006). Pervious
concrete have been used in pavement for water frunahagement (Manahiloh,
Muhunthan, Kayhanian, & Gebremariam, 2012; Sansaldfuang, & Ranieri,
2008), air purifying (Asadi, Hassan, Kevern, & Ropn 2012) and noise reduction
(H. K. Kim & Lee, 2010). It was also used for extar walls in buildings (Short &
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Kinniburgh, 1963) and its durability has been ased (Carsana, Tittarelli, &
Bertolini, 2013).

It has been reported that the increase of porasifyervious concrete decrease the
thermal conductivity of concrete (Short & Kinnibtrgl963; Valore Jr. & Green,
1951; Wong, Glasser, & Imbabi, 2007) Neverthelasss still higher than the
demanded for external walls and the mechanicalgstigs were not measured in the
same study. The thermal and mechanical properfigerwious concretes have not
been assessed yet, with most of studies focusinlgeomechanical properties.

There are limited results in the literature of peung concretes with LWA. One study
evaluated the mechanical and thermal propertielsV@A pervious concretes, with
compressive strength ranging 2.5-6.0 MPa and tHecoraductivity ranging 0.16-
0.25 W/mK (Zaetang, Wongsa, Sata, & Chindaprag01,3). The LWA used were
not suitable for structural concrete and limite@ ttompressive strength for no
structural application. It is desired to explore thechanical and thermal properties
of pervious concretes with LWA suitable for strueuconcretes. Expanded shale
have been highly used for LWA structural concréteZ( Cui, Lo, Memon, Xing, &
Shi, 2012; Y. Kea, A.L. Beaucour , S. Ortola , Hurontetb, 2009; Yun et al.,
2013). It seems suitable to increase the compressirength of LWA pervious
concretes.

The total porosity of pervious concretes affecte ttmechanical and thermal
properties. Current methods for determine perviougrete porosity are based in a
volumetric approach and allow measuring the toff@céve porosity for a specific
drying method (ASTM, 2014a; Montes, Valavala, & Elasch, 2005). Nevertheless,
this method cannot quantify the porosity formedha internal structure in a LWA
pervious concrete. The LWA porosity increases tal effective porosity of a LWA
pervious concrete. There was not found a methot diaws bring a pervious
concrete to SSD. It is desired to determine thdasardry porosity of pervious

concrete in order to quantify the effective ponpsit SSD and the internal porosity
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SUMMARY OF CONDUCTED WORK

3.1. Research gap

Mechanical properties (Caldarone & Burg, 2004; Hé&rBremner, 2000; Metha &
Monteiro, 2014) and thermal properties (Hochst201,3; Hong, Kim, & Kim, 2004;
Khan, 2002) of concrete have been generally stuoyeseparate. There has been an
increased interest in the last years in studyirgy ¢bmpressive strength and the
thermal conductivity of concretes (Demigap 2007; L H Nguyen et al., 2014; Unal,
Uygunazlu, & Yildiz, 2007; Q.L. Yu et al., 2013).

The mechanical and thermal properties are inverselgortional and depend of the
internal structure of concrete. The wide variatmhcompressive strength for the
same thermal conductivity presented in literatuightnbe influence by the lack of
assessment of the effect of the internal structline.internal structure is reflected in
the constituents that compose the concrete. Teeadack of knowledge on the effect
of the type and volume of coarse LWA in mechaniadl thermal properties of
lightweight concretes. The effect of SCM in meclkahiand thermal properties has
not been completely assessed neither. There is algap in the thermal and
mechanical properties of pervious concrete for radmweight aggregates and LWA.
It is desired a proper selection of the internaliciire of concrete to enhance the
balance between thermal conductivity and compressiength.

The increment of porosity is the most used stratégyreduce the thermal
conductivity of concrete, but its effect in thedrdction of mechanical and thermal
properties has not been assessed. Studies genanallyze the effect of the total
porosity. A recent theoretical study showed thatgbrosity properties, such as pore
size distribution, affect the thermal conductivity the same total porosity (Pia &
Sanna, 2013). A proper characterization of the qtroproperties is desired to
evaluate the effect in compressive strength anghthleconductivity.
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3.2. Hypotheses

The formulated hypotheses are going to be addresséue articles presented in
Chapter Four, Chapter Five and Chapter Six. Hymish& corresponds to Chapter
Four. Hypothesis 2 and 3 corresponds to Chaptee. Hiinally, hypothesis 4

corresponds to Chapter Six.

3.2.1.Hypothesis 1

The increment of porosity of lightweight aggregatdses not increment the
efficiency of the compressive strength, elastic olesl and thermal conductivity of

lightweight aggregates concretes.

3.2.2.Hypothesis 2

The combination of constituents enhances the tHecorauctivity reduction with a
smaller negative detriment on the compressive gthethan each constituent by

separate.

3.2.3.Hypothesis 3

The porosity properties of lightweight aggregatdiience the compressive strength

and thermal conductivity of lightweight aggregatescretes.

3.2.4.Hypothesis 4

The thermal conductivity of the aggregates presehigher effect in the thermal

conductivity of no-fines concretes than the effexiporosity of no-fines concretes.
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3.3. Objectives
The main objective is the assessment of the edfiettie internal structure of concrete
in the mechanical and thermal properties of coeceatd the the interaction of

between both properties.

The specific objectives are:

i) Evaluate the independent effect of constituents ifications (coarse
lightweight aggregates, fine lightweight aggregatesder) in the mechanical
and thermal properties of concrete.

i)  Evaluate the combined effect of constituents modifons (coarse lightweight
aggregates, fine lightweight aggregates, binderithgrmal and mechanical
properties of concrete.

iii)  Characterize the porosity properties (pore siz&ildigion, maximum pore size
and pore spatial distribution) of lightweight agggees.

iv) Evaluate the effect of the porosity properties ba mechanical and thermal
properties of lightweight aggregates concretes.

v)  Evaluate the combined effect of constituents modifons (coarse lightweight
aggregates) in no-fines concretes.

vi) Propose strategies that minimize the thermal candtycwith the minimum

decrement in the compressive strength of concrete.

3.4. Methodology

A literature review was conducted to analyze thatestof the art of concrete
technologies and constituents than reduce the #leromductivity and their effect in
the compressive strength. The methods and equignienthermal properties and
current experimental procedures for physical, meidah and thermal properties
were also studied. The materials were selecteddbasethe literature results and
their availability in Chile. The experimental pragn was designed in order to assess

with the objectives proposed. The experimental rwgconsisted in 47 concrete
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mixtures divided in three phases (Chapter Four,p@&haFive, and Chapter Six)
where their physical, mechanical and thermal prtoggewere measured. Two-phase
models for compressive strength, elastic modulastbermal conductivity were also
investigated to evaluate the effect of the typdigiitweight aggregates. Multiple
linear regression models for compressive strength thermal conductivity were
assessed to evaluate the impact of each compooethd combined constituents.

The conclusions were obtained from the analysth®fesults.



20

4. TOWARDS AN INSULATING-STRUCTURAL CONCRETE BY
ASSESSING AND UNDERSTANDING THE INTERACTION OF
MECHANICAL AND THERMAL PROPERTIES

Jose C. RemesarSergio Verd™® Mauricio LopeZ*°*

@Department of Construction Engineering and Manageéng8ehool of Engineering,
Pontificia Universidad Catolica de Chile, SantiaGajle

P Center for Sustainable Urban Development (CEDEB8tificia Universidad Catolica
de Chile, Vicufia Mackenna 4860, Casilla 306, Co20Santiago, Chile

“Research Center for Nanotecnology and Advancedridi&téCIEN-UC”, Pontificia

Universidad Catolica de Chile, Santiago, Chile
Highlights:

* The three constituents modifications presentedghdmiimpact in the reduction of
compressive strength than the thermal conductofitgoncrete and LWA was more
efficient in the reduction of thermal conductivity.

* While a series composite model represents betterethstic modulus of LWA
concrete, a parallel composite model representsriet thermal conductivity.

* The effect of the replacement of expanded clayefqranded polystyrene, which
represent a reduction of LWA thermal conductivify99%, reduced the thermal
conductivity of LWA concrete in less than 15%, &£80% LWA volume.

Abstract

It is important to reduce the thermal conductiwfyconcrete; however, impacts negatively
the mechanical properties, which undermine its Tikes study focus on the understanding
of the interaction of mechanical and thermal propsrof concrete for three constituents
modifications: supplementary cementing materiahg fightweight aggregates (LWA) and

coarse LWA. The thermal conductivity behaves cldésex parallel composite model while
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the elastic modulus behave closer to a series csibeponodel; this determines the
efficiency of each constituent. Fine LWA had one tbé highest efficiencies 0.017
[W/mK]/MPa, while FA had the lowest 0.008 [W/mK]/NAP

Keywords:

Lightweight aggregates, fly ash, thermal conduttjvcompressive strength, structural

concrete, two-phase models

4.1. Introduction

Buildings account 20-40% of total final energy comed worldwide (Pérez-
Lombard et al., 2008). This is the main reason rldiesign energy codes demand
thermal resistance for building’s envelope to inyerdhe energy efficiency (IEA,
2013). Therefore, the thermal performance mustdresidered as important as the
mechanical performance in a building’s design. Cets; the most used construction
material, excels in mechanical properties and coatbility, but lacks in thermal
resistance, which depends of its constituents:drirfthe and coarse aggregates.

It has been showed that the inclusion of poresésaid concrete increments the
thermal resistance (Chandra & Berntsson, 2002) dediuces the mechanical
resistance (Popovics, 1998). Therefore, a very falarselection of concrete
constituents is required to enhance the balanceeeet thermal and mechanical
properties. Previous studies demonstrated thatdpkicement of Portland cement
for fly ash (FA) and normal weight aggregates ightweight aggregates (LWA)
decrease the thermal conductivity (i.e., increégental resistance), in expense of a
lower compressive strength (ACI Committee 213, 2@sandra & Berntsson, 2002;
Demirboga, 2003b).

FA, a by-product of coal power plants, is used gmwial replacement of Portland
cement in the binder. The influence of FA in thechanical properties of concrete
have been widely studied (Berry & Malhotra, 198ilo8eau & Malhotra, 2000;
Langley, Carette, & Malhotra, 1990; Metha, 2004e@Qmkyuz, & Yildiz, 2005; A.



22

Wang, Zhang, & Sun, 2003). On the other hand, &y studies have characterized
the influence of FA in the thermal properties ofnceete. The increase of FA
replacement level decreased the thermal conductofitcement paste and mortar
(Demirboga, 2003a, 2003b). Other studies reporteddearease in thermal
conductivity and compressive strength with the enoent of FA replacement level
for mortar (Demirb@a, 2007) and concrete (Bentz et al., 2010). Moredhermal
conductivity was more intensively reduced by Clasthan Class F FA (Bentz et al.,
2010). Nevertheless, there is a lack in the amalykthe interaction between thermal
conductivity and compressive strength. There is aldack of understanding in the
relationship between the changes in microstructwigh FA and thermal
conductivity.

LWA present a higher porosity than normal weighgragates (NWA), which
produce a decrement in the compressive strengththanithermal conductivity. There
are many studies focused on mechanical propertfed VA concretes with
compressive strength ranging 20-100 MPa for ingtgi@aldarone & Burg, 2004;
Chandra & Berntsson, 2002; Holm & Bremner, 2000y&Mo et al., 2014, Videla &
Lopez, 2001; Zhang & Gijjrv, 1992). On the other dhasome studies have been
focused on thermal properties of LWA concrete icerd years. However, only few
studies characterized the thermal and mechaniagbepties of LWA concretes
simultaneously for expanded clay (L H Nguyen et2014; Mike Schlaich & Zareef,
2008; Yun et al., 2013), expanded shale (L H Ngusteal., 2014; Yun et al., 2013),
expanded polystyrene (Park & Chilsholm, 1999) atiteio LWA's(Glnduz, 2008;
Mateos et al., 2000; Uysal et al.,, 2004; Q.L. Yuakt 2013). There is a wide
variation of results on the mechanical and therpraperties for the same type of
LWA. The mixture design, moisture content and theasurement techniques for
thermal properties make difficult to compare thie@fof the type of coarse LWA in
the thermal and mechanical properties simultango@hly one study reported the
influence of fine LWA in the interaction of thermahd mechanical properties for
structural LWA concretes (Q.L. Yu et al., 2013).eféfore, there is still a lack of
understanding on the effect of the type and volwheoarse LWA in thermal and
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mechanical properties of lightweight concretes. &bwer, previous studies have not
assessed the effect of the lightweight aggregatesthe thermo-mechanical

performance of concrete.

This article aims to provide an exploratory studfy tbe interaction between

mechanical and thermal properties with the useiféérdnt constituents. The trade-
off between thermal conductivity and compressivergth was investigated by

systematically modifying the mixture designs inethiraspects independently: (i)
replacement of Portland cement by FA, (ii) replaeetmof mortar by coarse LWA

(expanded clay, expanded shale, expanded polysiyramd (iii) replacement of

normal weight fine aggregate by fine LWA (expandddy). Two-phase models

(mortar, coarse aggregate) for compressive strerggéstic modulus and thermal
conductivity were used to assess the thermo-mechlaperformance and compare
the efficiency of the three coarse LWA examinedaHy, the interaction between

thermal conductivity and compressive strength veeralyzed to select the strategies
that most enhance the thermal performance (i.duct®n in thermal conductivity)

with the lowest impact in the compressive strength.
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4.2. Experimental program
4.2.1 Materials and mix proportion

Ordinary Portland cement (OPC) with a specific gyauf 3.14 and Blaine fineness
of 410 nf/kg and a class C Fly ash(FA), with specific gravif 2.37 (Rivera,
Martinez, Castro, & Lopez, n.d.), were used as ceitneus materials. The OPC and
FA were produced in Chile. The coarse and fine mbrmreight aggregate (siliceous)
were also produced in Chile while the LWA were seaexpanded clay from Spain,
coarse expanded shale from USA and expanded paystypeads from Chile. Fine
expanded clay was produced in the laboratory bghing the coarse expanded clay
in a stone crusher machine. The crushed materislsrewed between No.4 and No.
50 mesh to obtain the fine expanded clay. The phygiroperties of normal weight
and LWA used in the study are given in Table 4Hydical properties of aggregates.
The LWA were submerged for 72 hours and the abisorptas obtained according
to ASTM C1761 (ASTM, 2013). Also, high range wateducer admixture (HRWA)
was used in a dose of 0.5% by binder weight forcalcretes mixture with the
exception of fine expanded clay mixtures which usedose of 0.2% to avoid
segregation.

The total porosityP, of LWA was estimated from Equation 1. The densitythe
solid portionp,;;4, Was assumed from previous studies as 2650°Kginexpanded
clay and expanded shale (Bogas, Mauricio, & Peréfd?2; Holm & Bremner,
2000) and 1020 kg/frfor polystyrene (D. S. Babu, Ganesh Babu, & Tithgn,
2006). The oven-dry densityy,_p, was measured according to ASTM C1761
(ASTM, 2013).

P:1_P0—D

ey

Psolid
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Table 4-1: Physical properties of aggregates

Aggregate Size Oven-dry Saturated Total Absorption,
(mm) density surface dry  porosity 72 hr (%)
(kg/n?) density (kg/m) (%)

Coarse expanded clay 20 /10 784 941 70% 20.1%
Coarse expanded shale 20/10 1254 1423 53% 13.5%
Expanded polystyrene 1072 - 15 99% -
Fine expanded clay 4/0 885 1260 67% 42.3%
Normal weight coarse

aggregate 20/10 2679 2700 - 0.8%
Normal weight fine aggregat 4 /0 2617 2662 - 1.7%

FA concrete consisted on normal weight coarse maddggregates, water, OPC and
FA. OPC was patrtially replaced by FA for volumetreplacement levels of 20 to
60%, as shown in Table 4-2. The water-to-cemenstimaterial ratio (W/CM) by

weight was kept at 0.5, and the volumetric proportof aggregates remained

constant for all the mixtures.
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Table 4-2: Mixture proportions of fly ash concretes

Mix OPC FA by FA Total Water Coarse Fine HRWA
(kg/m?®)  volume (kg/n?®) cementitious (kg/m®)  aggregate aggregate (Kg/m’)
(%) (kg/n) (kg/n) (kg/n)
PC 400 0 0 400 200 870 890 2.0
FA20 320 20 60 380 190 870 890 1.9
FA30 280 30 91 371 185 870 890 1.9
FA40 240 40 121 361 180 870 890 1.8
FA50 200 50 151 351 175 870 890 1.8
FA60 160 60 181 341 171 870 890 1.7

Lightweight concrete was conceived as a two-phaagemal: coarse LWA and a
mortar matrix (OPC, water and normal weight fingragate). The mixture designs
were based in the methodology developed by Videth lopez (Videla & Lopez,

2001). A proportion of the mortar matrix was reglddy coarse LWA. The volume
fraction of LWA varied from 20 to 50% for ES and B@d from 10 to 30% for EPS,
as shown in Table 4-3. The paste-to-fine aggregatie by volume and Water-to-
Cement ratio by mass (W/C) remained as 0.8 andr@spectively for the mortar

matrix in all the mixtures.
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Table 4-3: Mix proportions of coarse lightweighgaggates concretes

Mix OPC Water  Coarse Mortar Coarse Fine HRWA
(kg/m®)  (kg/mP)  LWA matrix LWA by aggregate  (Kg/m3)
(kg/m®)  volume (%) volume (%)  (kg/m?)

EC20 480 192 188 34% 20.0 1176 24
EC27.5 435 174 259 31% 27.5 1066 2.2
EC35 390 156 329 31% 35.0 956 2.0
EC42.5 345 138 400 31% 42.5 845 1.7
EC50 300 120 471 31% 50.0 735 15
ES20 480 192 285 34% 20.0 1176 2.4
ES27.5 435 174 391 31% 27.5 1066 2.2
ES35 390 156 498 28% 35.0 956 2.0
ES42.5 345 138 605 25% 42.5 845 1.7
ES50 300 120 712 22% 50.0 735 15
EPS10 540 216 1.50 39% 10.0 1323 2.7
EPS15 510 204 2.25 37% 15.0 1250 2.6
EPS20 480 192 3.00 34% 20.0 1176 2.4
EPS25 450 180 3.75 32% 25.0 1103 2.3
EPS30 420 168 4.50 30% 30.0 1029 2.1

Fine lightweight aggregate mixtures consisted omad weight fine aggregate, fine
expanded clay, OPC and water. Normal weight firgreggate was partially replaced
for fine expanded clay in the mortar matrix keepiing paste-to-fine aggregate ratio
by volume at 0.8 and W/C at 0.4. Normal weight faggregate replacement varied
from 16% to 75% by mass and from 9 to 41% by voluaseshown in Table 4-4.
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Table 4-4: Mix proportions of fine lightweight aggates concretes

Mix OPC  Water Fine Fine  Fine LWA HRWA
(kg/m’) (kg/m®) aggregate LWA by volume (Kg/m®)
(kg/m’)  (kg/m’) (%)

Mortar 600 240 1470 0 0 1.2
FEC16 600 240 1235 109 16 1.2
FEC45 600 240 809 308 45 1.2
FEC75 600 240 368 513 75 1.2

Concrete mixtures were produces in an 80-literie@riaxis mixer. Expanded shale
and expanded clay (both coarse and fine) were sugauen water for 72 hours and
drained in a No. 50 sieve for 10 minutes beforerttieing. Moisture content was
considered in adjusting the mixing water and agagegloses. Four 100x200 mm
cylindrical specimens were cast for each batchniechanical testing and two 150
mm cubic specimens were cast for thermal testingncéete was compacted by
rodding, according to ASTM C192 (ASTM, 2006).

Specimens were left in their molds for 24 hours sumoimerged in water at 20(x1) °C
for 7 days after demolding. Two 150x150x75 mm pasimspecimens were saw-cut
from each cubic specimen. The cut was perpendidalathe filling face of the
specimen. Then, the specimens (prisms and cylipaesse stored in a chamber at
22°C (£2) and 50% (+3) R.H., until the age of theamanical and thermal tests.

4.2.2 Test procedures

The compressive strength and elastic modulus ofretem were measured at the age
of 28 days. Compressive strength was measured wnsftecimens and the elastic
modulus was measured on three specimens. Thecelastiulus was measured
following the ASTM C469 guidelines (ASTM, 2014b) Applying up to 33% of the
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maximum compressive strength and measuring thansising 3 gauges and a data
acquisition system.

The thermal properties were measured with a Hok DiBS1500 in the single side
mode; which is a state of the art transient teamighat measures thermal
conductivity (k) and thermal diffusivityaj of materials (Gustafsson, 1991). The
volumetric specific heat was calculated from thése properties. The hot disk
consists on a thin sensor, which acts both as tasoemce and a temperature sensor.
In the single side mode, the sensor was locatqath®specimen and the other sides
were covered with polyurethane (k=0.025W/m&50.25 mni/s) to avoid heat
losses. The maximum increase of temperature dduhegest was 5 °C for all the
measurements. The sensor model was 4922, with tkanoé 29.2 mm. The
penetration depth in horizontal and perpendiculegction from the sensor was at
least 23 mm. The measurement time was 320 secdiestests were developed
under laboratory conditions at 20° C (x1). One meament was taken for each of
the four prismatic specimens. The thermal propemere registered in equilibrium
density, according to (ASTM, 2014c).

4.3. Results and discussion
4.3.1 Effect of fly ash ratio on the mechanical and therral properties

The 28-day compressive strength of concrete deedeas the FA replacement level
of the mixture increased. Figure 4-1 a) shows @alintrend between the FA
replacement level and the compressive strength.ZBaday compressive strength
was reduced in up to 56% with at 60% of FA replaeetievel by volume. The 28-
day elastic modulus also decreased as the FA mpkaa level of the mixture
increased. The elastic modulus was reduced in uB78 with at 60% of FA
replacement level by volume (see Table 4-5). Inpitesent study, concretes with up
to 60% FA replacement level are classified as #irat concretes, with 28-day
compressive strength over 30 MPa.
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Figure 4-1:a) Effect of fly ash on 28 days compresstrength b) Effect of fly ash

on thermal conductivity at equilibrium density

The decrease in the mechanical properties at 28 tagaused by the relatively
slower pozzolanic reaction of FA compared to OP@rétjon (Berry & Malhotra,
1981; Metha & Monteiro, 2014; Oner et al., 2005Wang, Zhang, & Sun, 2004; Z.
Yu & Ye, 2013). That is, the increase of FA replaeat level reduces the cement
available for hydration and causes the decrememhexfhanical properties at early
ages. Previous studies also reported an increabe iporosity with the increment of
FA replacement level (A. Wang et al., 2004; Z. YuY&, 2013). Curing conditions
also affected the strength gain rate. The sample wtored in a chamber at 22°C
(x2) and 50% (x3) relative humidity after 7 daysvediter curing. Then, there was
less water available for cement and fly ash hydratifter 7 days. Previous studies
reported that the hydration of the cement pastesstar an interior relative humidity
below 80% (Flatt, Scherer, & Bullard, 2011; Pat€llloh, Parrott, & Gutteridge,
1988).
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Table 4-5: Mechanical properties of fly ash coneset

Mix Equilibrium Oven-dry 28 days 28 days Elastic
density (kg/m?)  density (kg/m?>) Compressive Modulus (GPa)
strength (MPa)

PCO 2391 2350 65.1 48.3
FA20 2383 2357 53.1 45.1
FA30 2366 2311 49.5 42.8
FA40 2358 2305 46.7 333
FA50 2334 2291 34.6 315
FA60 2311 2285 29.7 28.3

The thermal conductivity decreased with the ineeafsreplacement level, as Figure
4-1 b) shows. The reduction ranged 10-14% whileRhAereplacement level ranged
40-60%. These values are consistent with previtwdies. For instance, one study
reported that the thermal conductivity at oven-density decreased 24% and 33%
for 20% and 30% of replacement level respectiyBlgmirboga, 2003a) and other
study that the thermal conductivity at equilibriwdansity decreased 19% for 75%
replacement level (Bentz et al., 2010).

Figure 4-1 shows that a modification at the pasteell (i.e., increase in the FA
replacement level), impacts compressive strength lagher level than the thermal
conductivity. In fact, a 60% FA replacement levblowed a 56% reduction in
compressive strength but only a 14% reduction émrttal conductivity. The increase
of FA reduces the cement content, which causescee@se 28-day compressive
strength. On the other hand, the effect in theromalductivity is important at the
paste level, but limited at the concrete level by telatively low volume of paste
(34%) in the concrete. The thermal conductivity narmal weight aggregates is
reported to be at least to be three times largan thaste binders with fly ash
(Demirboga, 2003b; Khan, 2002). When the heat flthweugh the composite, the

aggregate particles behave as thermal bridgesadties thigher thermal conductivity
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of the aggregates. The latter limits the effectiefreasing the thermal conductivity
of the paste in NWA concrete. The thermal bridgésce and the stop of hydration
due the curing conditions might influence that thermal conductivity did not
decrease for FA replacement level higher than 40%.

The effect of FA replacement level in the mechahnproperties of concrete has
been widely studied, as previously referenced. Nbekess, its effect in the thermal
conductivity might be caused by other factors nmisidered in previous studies.
Researchers reported that porosity increments thighincrease of FA replacement
level (A. Wang et al., 2004; Z. Yu & Ye, 2013), whithe thermal conductivity
decreases (Demirlga, 2007). The lower thermal conductivity of anhydrd&A
compared to anhydrate OPC also contributes to ¢oeedse in thermal conductivity
(Demirboga, 2003a).

The change on hydration products due to the replaneof OPC for FA impacts the
thermal conductivity of concrete. The main soliggfation products of a completely
hydrated OPC are calcium silicate hydrate, CSHGB%), and calcium hydroxide,
CH (20-25%) (Metha & Monteiro, 2014). CH is a highdrystalline compound, as
opposed to CSH, which varies from poorly crystallio reticular network. The CSH
interlayer space is supposed to vary from 0.5 fonZn (Metha & Monteiro, 2014).
CH is 1000 times larger than CSH. The pozzolaniecefof FA-which transforms
CH into CSH if water is available-decreases the @iume for FA replacement
level higher than 30% (A. Wang et al., 2004). AlB#, enhances the hydration of
OPC (A. Wang et al., 2004). Wang measured that Gldrnwe decreased from 20%
to 4% with the increase of FA from 0% to 40% arsgkléhan 0.1% for 60% of FA at
365 days (A. Wang et al., 2004). Materials withn@gdegree of crystallinity present
higher thermal conductivity than those more poarlystalline (Ghoshdastidar, 2012;
Raman, 2007). Then, the reduction on thermal candtyccan be further explained
by the transformation of CH into CSH as the pozaiclaeaction occurs.

The pore refinement also affects the thermal cotidtic Despite the increase in
porosity, previous studies show that FA hydrationdpicts refines the pore size

distribution (Zeng, Li, Fen-chong, & Dangla, 201BA enhances a higher hydration
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level for cement grains since provides more nudaatites for the cement hydration
products (A. Wang et al., 2004). The hydration pidd of FA fill the existing pore
structure, enhancing a global refinement of postrithution (Zeng et al., 2012). The
total amount of mesopores (4.5-50 nanometers) asea: with the increase of FA
(Zeng et al., 2012). The thermal conductivity of #ir decreases with the decrease of
pore diameter less than 10 micrometers (I@hometers), due to the Knudsen effect
(Berge & Johansson, 2012; B. P. Jelle, GustavseBaé&tens, 2010). This occurs
when the mean free path between gas moleculesg@rlthan the pore diameter. A
gas molecule collision is more likely to impact kwithe pore solid wall than with
another gas molecule. Collisions between gas migedvansfer larger amounts of
energy than collisions between a gas molecule laadadlid wall of the pore (Berge
& Johansson, 2012). Therefore, smaller pores ircéAcrete enhance the reduction
of thermal conductivity.

The hydration degree also affects the thermal coindty. Concrete with anhydrate
FA presents a lower thermal conductivity than amaigl OPC. FA present a larger
proportion of amorphous material than OPC and therntal conductivity of
crystalline silica is reported to be up to 15 largean amorphous silica (Demirboga,
2003a).

In the present study neither the porosity, pore slistribution nor the hydration
products were measured. The effects of FA on tlgesameters were based on
previous studies that confirm these effects. Thiaiobd results are also limited by
the constant water to binder ratio; its variatidfe@s the porosity and pore size of
the paste.

There must be an optimum FA replacement level émdtances the compressive
strength and reduces the thermal conductivity. Asvipusly explained, the
increment of CSH must reduce the thermal condugtiwhile also increases the
compressive strength (Metha & Monteiro, 2014). Withe increase of FA
replacement level, the total CH produced initiatigreases for the cement hydration
enhancement produced by the FA, but at some pegihb to decrease because there

is less OPC to hydrate. The decrease of CH voluseelanits the FA hydration to
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form CSH. Then, the anhydrate FA portion that besaas inert aggregate increases
with the increase of the FA replacement level. Atimoum FA replacement level of
40% in weight for concrete was reported to incrdasg term mechanical properties
(Oner et al., 2005). The optimum also depends ef A and OPC chemical
composition, the curing conditions, the measurenaggg and other factors. The
balance between the hydration products, pore sig&ildition and portion of
anhydrate FA leads to the optimum on compressivength and thermal

conductivity.

4.3.2 Effect of lightweight aggregates on the mechanicalnd thermal properties

Figure 4-2 shows that the increment of LWA volunegluces the compressive
strength of concrete. Table 4-6 shows that theement of LWA volume also
reduces the elastic modulus. These effects on maaiaproperties were also
previously reported (H Z Cui, Yiu, Ali, & Xu, 201Nloreno et al., 2014; Videla &
Lopez, 2001; Y. Kea, A.L. Beaucour , S. Ortola ,0Mimontetb, 2009; Yang, 1997,
Zhang & Gijjrv, 1992). The properties of lightweighggregate also affected the
mechanical properties of concrete by other mearesridus studies propose that a
lower water absorption (Y. Kea, A.L. Beaucour ,G8tola , H. Dumontetb, 2009)
and a more angular shape (H Z Cui et al., 2012pases the compressive strength
and elastic modulus. Intrinsic strength measuremémiggregates (ACV, TPFV) is
also highly related with the compressive strendthf present a considerable
variability (Moreno et al., 2014; Videla & LopezPp@1; Videla & Lopez, 2000).
Nevertheless, the increase in porosity of LWA weakéhe compressive strength of
concrete (Moreno, 2011). Table 4-1 shows that ed@drshale presents the lowest

porosity (53%), compared to expanded clay (70%)expéinded polystyrene (99%).
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Table 4-6: Density, compressive strength and elastodulus of lightweight

concretes
Mix Equilibrium Oven-dry 28 days 28 days Elastic
density (kg/m) density Compressive  Modulus (GPa)
(kg/n?) strength (MPa)
M 2304 2222 84.6 38.9
ES20 2021 1928 68.1 32.2
ES27.5 1932 1855 66.9 30.6
ES35 1850 1779 58.8 27.0
ES42.5 1789 1716 50.8 24.0
ES50 1761 1715 43.1 22.7
EC20 1954 1881 43.1 0.0
EC27.5 1861 1792 26.4 23.6
EC35 1723 1684 24.1 22.1
EC42.5 1599 1516 18.4 16.0
EC50 1535 1486 17.6 13.0
EPS10 2038 - 43.9 25.6
EPS15 1948 - 42.4 21.2
EPS20 1794 - 31.6 19.6
EPS25 1701 - 23.2 17.4
EPS30 1601 - 22.8 19.4
FEC16 2131 1989 70.6 33.6
FEC45 1850 1702 46.7 22.3
FEC75 1558 1387 23.2 17.7

Figure 4-2 a) shows that the expanded shale preseatlowest detriment on the
compressive strength compared to expanded clayegpanded polystyrene, for the
same volume of LWA. Expanded shale presents a |posssity, lower absorption

and more angular shape than expanded clay. Frooméuobanical standpoint, the
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pores in the LWA act as weak locations; thus, wbemncrete is under compressive
stress, there is stress concentration in the wciof LWA pores triggering crack
formation and propagation and ultimately failurgpB&nded polystyrene presents the
highest porosity (Table 4-1), which causes a ndgégtrength for the aggregate and
the highest weakening effect on the compressiength.

Fine expanded clay presents a higher compressieagsh that coarse expanded
clay. Previous studies reported the increase ofpcessive strength in lightweight
concretes when then maximum aggregate size wasedd. S. Babu et al., 2006;
Holm & Bremner, 2000; Le Roy, Parant, & Boulay, 200liled, Sab, & Le Roy,
2007). This effect also benefited the compressivength of expanded polystyrene
because presented a smaller maximum aggregatefsaafiehe coarse LWA.

20 ¢ Expanded Shale 1.60 ¢ Expanded Shale
80 B Expanded Clay (coarse) @ Expanded Clay (coarse)
A Expanded Polystyrene 1.40 A Expanded Polystyrene
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Figure 4-2: a) Effect of LWA in compressive sigén b) Effect of LWA in thermal

conductivity

Figure 4-2 b) shows that the thermal conductivityequilibrium density linearly
decreases with the increase of the lightweight eggje volume. The slope reflects
the impact in the thermal conductivity due to ard®in the volume. An increase of

10% of the lightweight aggregate volume decreabkesthermal conductivity of
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expanded shale concrete in 0.106 W/mK. For the smmmease of lightweight
aggregate volume, the reduction in thermal conditgtis 0.147 W/mK for coarse
expanded clay, 0.173 W/mK for fine expanded clag @195 W/mK for expanded
polystyrene.

The thermal conductivity of LWA concretes is maiifected for the porosity and
the mineralogical composition of LWA. The highetaloporosity of expanded clay
(70%) compared to expanded shale (53%) explaindow®r estimated thermal
conductivity. The mineralogical composition of ergad clay and expanded shale
are similar and mainly crystalline structure, adoog to a previous study (L H
Nguyen et al., 2014). On the other hand, expanddgiyrene is mainly amorphous
(Sperling, 2006) and the thermal conductivity ofstalline materials is reported to
be higher than amorphous (Demirboga, 2003a; Ghaesdda, 2012). Therefore, the
lowest measured values on EPS concrete are causeal ¢obmbination of its
amorphous microstructure and its high porosity.

The aggregate size also affected the compressigrgsh and thermal conductivity
of concrete. Figure 4-2 shows that the fine expdndly presented a higher
compressive strength and lower thermal conductivign the coarse expanded clay.
These results might be influenced by the experialedesign because the fine
expanded clay replaced normal weight fine aggregdtereas the coarse expanded
clay replaced mortar matrix. As the normal weighefaggregate present a higher
thermal conductivity than the cement paste (Khad)2, its replacement might
cause a larger decrease in thermal conductivity.

The thermal diffusivity decrease is highly influedcfor the decrease in thermal
conductivity, which is larger than the decreasdahi@ density of concrete and the
specific heat. In structures exposed to day/nigietes with important temperature
fluctuations, a concrete with a lower thermal dsffuty is desirable because
increases the dynamic thermal performance of ctacwcting as a buffer that

absorbs/releases heat at a slower rate.

a =
p*cp
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Wherea is the thermal diffusivity (mfs), p is the density (kg/f) and c,is the
specific heat (J/kg*K).

The thermal diffusivity decreased with the increadethe lightweight aggregate
volume (Table 4-7). It is also lower than thatlo tmortar matrix. The concrete with
20% of expanded clay volume presented a lower takewmhffusivity than their

counterparts with 27.5% and 35% of expanded clay.

Table 4-7: Thermal properties of lightweight corteseat equilibrium density

Mix Thermal conductivity Thermal diffusivity Specific heat
(W/mK) (mn/s) (J/kg K)

M 1.44 0.62 971

ES20 1.19 0.56 1059
ES27.5 1.07 0.56 1006
ES35 1.03 0.55 1014
ES42.5 0.96 0.51 1050
ES50 0.93 0.51 1029
EC20 1.12 0.48 1192
EC27.5 1.03 0.60 927

EC35 0.88 0.53 992

EC42.5 0.79 0.44 1115
EC50 0.73 0.46 976

EPS10 1.22 0.59 1019
EPS15 1.14 0.56 1039
EPS20 1.04 0.53 1110
EPS25 1.03 0.54 1052
EPS30 0.80 0.52 961

FEC16 1.30 0.55 1112
FEC45 1.02 0.52 1067

FEC75 0.75 0.43 1131
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4.3.3 Analysis of mechanical and thermal properties of LVA

The work of Moreno et. al. proposed a methodolagpdsess the impact of coarse
LWA in the mechanical properties (Moreno et al..120 Moreno, 2011). This
methodology was applied to the coarse LWA concretékis research but cannot be
extended to the fine LWA due the changes in theimabmposition.

Two-phase models were validated (Moreno et al.42@dr the compressive strength
and the elastic modulus. The compressive strengtieims presented in Equation 2.
The LWA are considered as air containers. An ufiqgeemd of 3.84 is proposed to
represent entrapped air in the concrete. A reduaifdhe aggregate weakness factor
(0) implies a decrease in air content and an increatige contribution of the LWA
to the compressive strength of concrete. The appatastic modulus of the LWA is
calculated from the Hirsch’s model represented iqudion 3. This model
corresponds to the harmonic mean of the seriespandllel models for elastic

modulus of composite materials.

fe=fn*107% (3)

Where f. is the compressive strength of the lightweight arete, I/, is the

lightweight aggregate volume afds the aggregate weakness factor.

1
E. = (4)

0.5*[ +(1Ema)]+0'5*[Va*ﬁ+(11—Va)*Em

NS

WhereE, the elastic modulus of the lightweight is concréleis the LWA volume

andp is the apparent elastic modulus of the lightweaggregate.

The aggregate weakness facté), (and the apparent elastic moduly8) (of the
aggregates were obtained from non-linear analysisthie software STATA.

Coefficients of determination,’Rwere higher than 0.993. Expanded shale, as Figure
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4-2 a) shows, presented the lowest aggregate weskiaetor in compressive
strength and was more than 3.1 and 4.4 times IdhaaT expanded clay and EPS,
respectively. The apparent elastic modulus of edpdrshale was 2.7 and 3.4 times
larger than those obtained using expanded claye®®] respectively.

The apparent elastic modulus is influenced by ttopgrties of the mortar matrix
(Moreno et al., 2014). It was concluded tRahcreases with the increaseRy. The
latter explains that the apparent elastic modufiexpanded clay is 26% higher than
EPS. Apparent elastic modulus of 4.2 GPa for expdralay and 2.2 GPa for EPS,
for a mortar matrix of 23.3 GPa was previously rege (Moreno et al., 2014),

compared to 38.9 GPa in the present research.

Table 4-8: Apparent aggregate weakness factor LWA

Lightweight Aggregate 6 t P>[t| 9% C.l(x) R

Expanded shale 050 23.0 0.00 0.08 0.998
Expanded clay 1.57 10.3 0.00 0.18 0.996
Expanded polystyrene 2.18 37.2 0.00 0.34 0.994

Table 4-9: Apparent elastic modulus of LWA

Lightweight Aggregate B (MPa) t P>|t] 95% C.I. () (MPa) R

Expanded shale 14335 15.2 0.00 1605 0.999
Expanded clay 5253 22.1 0.00 1313 0.993
Expanded polystyrene 4160 119 0.00 899 0.997

The proposed methodology (Moreno et al., 2014)nfiechanical properties can be
extended for assessing the apparent thermal cawidycof LWA. Nguyen
calculated the thermal conductivity of aggregatasedl on an inverse calculation
approach and validated three multiphase modelste@iitial Multiphase, Mori

Tanaka, and Self-Consistent. The three models mpie$esimilar results, but the
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Differential Multiphase provided more conservativesults (Le Hung Nguyen,
2013). The Differential Multiphase (DM) model codesis n types of randomly
oriented ellipsoidal inclusions into a matrix arsdpgresented in Equation 4 (Phan-
Thien & Pham, 2006). For two-phase materials wihesical inclusions, the DM
model presents the implicit solution of Equatio(Hochstein, 2013).
di 1 o~ A -4
dt 1—th2”’ 3 2

i=1 j

1
LA + 21— A))

,A0) =4,,0<t<1 (5

3
=1

Where v, is the total volumetric fraction of the inclusiong is the volumetric
fraction of thei inclusion,; is the apparent thermal conductivity of theclusion
andA{ (j = 1, 2,3) are the solutions of the elliptic integral bagethe shape of the

i inclusion.

Where v, is the volumetric fraction of lightweight aggregaf, is the apparent
thermal conductivity of the lightweight aggregatedal, and A, are the
experimental thermal conductivity of concrete amattar matrix, respectively.

Table 4-10 shows that the apparent thermal condtyctif the expanded shale is two
times the apparent thermal conductivity of the exjeal clay and 26 times that of the
expanded polystyrene. The apparent thermal condliyotif EPS (0.018 W/mK) was
not significant and lower than experimental resafsEPS (0.04 W/mK) (Bjgrn
Petter Jelle, 2011).This model seems to be lessraecto estimate the thermal

conductivity of inclusion materials with very lofwedrmal conductivity.
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Table 4-10: Apparent thermal conductivity of LWA

Lightweight aggregate A (W/mK) t P>lt|] 95% C.I. () (W/mK) R

Expanded shale 0.47 17.0 0.00 0.07 0.993
Expanded clay 0.23 15.3 0.00 0.04 0.998
Expanded polystyrene  0.018 0.38 0.72 0.12 0.986

As an analytical assessment, the apparent elasigulors and apparent thermal
conductivity of LWA were used to compare their @#ncy in the concrete. That is,
the elastic modulus and thermal conductivity of tbenposite can be estimated and
the performance of a particular lightweight aggtegassessed. The parallel and
series composite models were considered as upmedoaver bounds for elastic
modulus and thermal conductivity. A previous stpdgposed the Hashin-Shtrikman
(HS) upper bound model (Hashin & Shtrikman, 19620l she Effective Medium
Theory (EMT) model as bounds for thermal conduttivof internal porosity
materials (Carson, Lovatt, Tanner, & Cleland, 2005ghtweight concretes are
internal porosity materials, where the matrix phfmsens a continuous heat pathway

through the composite. These bounds are also @residor thermal conductivity.

1
Pseries = 7 11 (8)
a m

Ppar=Va*Pa+(1_Va)*Pm €©)

Where P; is the property (either elastic modulus or thermahductivity) of the
lightweight aggregateP,, is the property (either elastic modulus or thermal
conductivity) of the mortar matrix arlfj is the lightweight aggregate volume.

Figure 4-3 shows the effect of LWA in elastic magsibnd thermal conductivity of
the composite. To maximize elastic modulus and mire thermal conductivity, it is
desired the elastic modulus behaving closer to rallph model and the thermal

conductivity closer to a series model. Neverthel€¥8A concretes tend to behave
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oppositely; that is, closer to a series model flastec modulus, and closer to the
parallel model for thermal conductivity. The propdsbounds for Carson et. al.
(2005) are in well agreement with the experimettiakmal conductivity results. It

must be pointed out that the larger the differemcelastic modulus and thermal
conductivity between the mortar matrix and LWA, thes the improvement rate in
the concrete.

Figure 4-3 shows that decreasing the thermal cdiwhycof the aggregate is not as
effective as expected in reducing the thermal cotidty of the concrete.

Comparing expanded polystyrene with expanded dlay,effect of using a LWA

with a thermal conductivity of about 10% of that eépanded clay reduced the
thermal conductivity of concrete in less than 1566,30% of LWA volume.
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Figure 4-4 shows the trade-off between the appahemmal conductivity, apparent
elastic modulus and the aggregate weakness fathar.relationship tends to be
inversely proportional between aggregate weakrest®Iif and the apparent thermal
conductivity and directly proportional between tla¢ter and the apparent elastic
modulus. These factors are mainly influenced by pbeosity of the aggregates
(Table 4-1). Expanded shale presents a high metdlgrerformance with the lowest
weakness factorf, highest apparent elastic moduly®) (but the lowest thermal
performance with the highest apparent thermal cotidty (1,). On the other hand,
EPS leads to the lowest apparent thermal condtyctifd;) with the lowest
mechanical performancé ().

The compressive strength, elastic modulus and theoonductivity of concrete
depend of the porosity of the LWA. The pores are thspersed phase whose
strength is negligible compared to the stress ef rtiatrix (AClI Committee 213,
2013). Nevertheless, the thermal conductivity ef éiir (0.025 W/mK) (Lienhard 1V
& Lienhard V, 2015) is also negligible comparedtie mortar matrix (1.44 W/mK).
This leads to a different behavior of stress cotreéon and heat flux in LWA
concrete. The pores of LWA act as the weak locatioh LWA concrete for
mechanical strength. There is stress concentratictme vicinity of LWA pores,
triggering crack formation and propagation andméiiely failure. On the contrary,
the heat flux lines flow through the mortar, avaglithe pores of LWA. This would
explain the relative low effect of increasing thergsity of the aggregate in the
thermal conductivity of concrete. For instance, #xpanded polystyrene porosity
(99%) does not help to decrease thermal condugtugnificantly because the heat
flux lines avoid the LWA, working similar to a p#ied model (see Figure 3). These
results suggest that achieving a low thermal cotindtyc of the composites
necessarily requires a reduction in the thermatuaotivity of the matrix; otherwise,

matrix is going to remain as the main heat conducto
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Figure 4-4: Aggregate weakness factor and appa&lastic modulus as function of

apparent thermal conductivity

4.3.4Interaction of mechanical properties and thermal poperties

The three modifications in the constituents presgrsimilar trends in compressive
strength and thermal conductivity since both properdecrease as the constituent
material (FA, coarse LWA and fine LWA) increasedheTslope of the linear trends
between compressive strength and thermal condtyctivi Figure 4-5 would
represent the efficiency of a certain new constitu¢hat is, a large slope would
mean a large change in compressive strength wigmall change in thermal
conductivity. On the contrary, a small slope woultean small changes in
compressive strength with large changes in thecmadiuctivity.

Consequently, FA presents the largest slope, sbitgiest decrease in compressive
strength for a given decrease in thermal condugtifAor instance, a reduction of 0.1
W/mK in thermal conductivity will bring a reductionof 13 MPa in 28-day
compressive strength. Among the LWA, expanded shak fine expanded clay
presented the highest slopes meaning that a reducti 0.1 W/mK in thermal

conductivity will bring a reduction of 9.4 and 8MPa in 28-day compressive
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strength, respectively. On the other hand, coargmreled clay and expanded
polystyrene presented the lowest slopes meanirgatliaduction of 0.1 W/mK in
thermal conductivity will bring a reduction of 5.8nd 5.6 MPa in 28-day

compressive strength, respectively.
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Figure 4-5: Relationship of compressive strengtld @hermal conductivity of

concretes

The apparent thermal conductivity and aggregatekmass factor of expanded clay
and expanded polystyrene (Figure 4-4) tend to anoal in the properties of
concrete. Expanded polystyrene presents the adyamé a smaller maximum
aggregate size, which increases the compressimegstr of concrete (Le Roy et al.,
2005; Miled et al., 2007). This suggests that edpdnclay of similar porosity and
smaller aggregate size must present a higher casipesstrength than the results of
the present study. It would be more efficient teapanded polystyrene.

Figure 4-6 show the compressive strength-to-thegoatluctivity ratio (fc/k) for the

FA and LWA mixtures in the study. The increase & Ftio reduced thermal
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conductivity and compressive strength, but since teduction in compressive
strength is greater, the fc/k decreases. High Fpfacement levels in concrete with

NWA present a lower efficiency in the balance dkfc
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Figure 4-6: Ratio of compressive strength to ebtidim thermal conductivity of

concretes

According to Figure 4-1, the thermal conductivitly amncrete, under these curing
conditions, is not affected for FA replacement Isy@gher than 40%. As discussed
earlier, there is an optimum FA replacement lewveldompressive strength (Oner et
al., 2005). The fraction of FA that behaves as tireggregate decreases the
mechanical properties because there are less lymatoducts and the pozzolanic
reaction decreases. Also, this fraction contributes decrease the thermal
conductivity. These results suggest that there risogtimum volume of FA

replacement level that minimizes the thermal cotidig: a balance between the

changes in the microstructure (transformation oftGKCSH) and the reaction degree
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of FA. This optimum is also influenced for the eiconditions. With the increase
of curing in a high relative humidity ambient, teewill be an increase of the
hydration products and the pozzolanic reaction thiedefore further increase in the
fc/k.

For LWA concretes, the fc/k tends to decrease wiéhincrement of LWA volume.
Expanded shale with 27.5% LWA volume has a moreiefit fc/k than the mortar,
with an increase from 58 to 62 MPa/W/mK. For a BighWA volume, the fc/k
reduces up to 46 MPa/W/mK for 50%. The fc/k decesawith the increment of
LWA volume for the other two LWAs. Expanded claydakPS concretes also
present a lower fc/k for the same LWA volume causgdhe higher sensitivity of
compressive strength. For expanded clay concrdtewsiume ranging 27.5%-50%,
fc/k tends to diminish its reduction rate to 27-BPa/W/mK. The fc/k is very
sensitive to the compressive strength becausedisceel at a higher rate than the
thermal conductivity. While Figure 4-6 shows th&t €éoncretes present a higher fc/k
than expanded clay and polystyrene concretes, &igwhows that these LWA are
more efficient in decreasing the thermal conduttivior structural strength
concretes.

The inclusion of LWA in the high strength mortar tnra causes a reduction in
compressive strength of up to four times, while termal conductivity reduces in
less than two times the mortar. The higher porasityWA has a greater reduction
effect on the compressive strength than in thentberconductivity. The lower
porosity of expanded shale benefits the mechatiebbvior but limits the thermal
conductivity that can be reached. On the other hamel mechanical strength is
highly reduced for expanded clay and EPS. Thiscefieduces the fc/k for EPS and
expanded clay, compared to expanded shale.

Figure 4-5 and Figure 4-6 confirm that the coargpaaded clay and expanded
polystyrene presents a similar balance between miderconductivity and
compressive strength. Both materials seem to bévaguat to obtain a structural
concrete with low thermal conductivity. Expandedalsh presents higher fc/k

efficiency, but is limited to a thermal conductywihigher than 0.9 W/mK. Previous
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research shows that the combination of coarseiaed_WWA increases the fc/k (L H
Nguyen et al., 2014). The combined effect of coaM&\, fine LWA and FA might
decrease the thermal conductivity of concrete baybe limits of the present study.
The thermal conductivity of all the constituentstioé concrete must be reduced and

balanced to avoid thermal bridges.

This article investigated the mechanical and thépnaperties of concrete with the
independent modifications of three constituentsF{y ash (FA) in the binder (ii)
coarse lightweight aggregate (LWA), and (iii) fib&/A. The compressive strength,
elastic modulus, thermal conductivity, thermal ulif/ity and specific heat were
measured. The impact of the type of coarse LWA dexrled shale, expanded clay,
expanded polystyrene) was evaluated with two-phamelels for compressive
strength, elastic modulus and thermal conductivitihese results were used to
compare the efficiency of the type of coarse LWAconcretes. The interaction of
compressive strength and thermal conductivity wamlyged for the three

constituents’ modifications. The main conclusiorssted as follows:

FA presented a higher impact in the reduction ohpessive strength (56%) than
thermal conductivity (14%). The effect on thermahductivity is limited by the low
paste volume (34%) and the higher thermal condiigtnf the aggregates when
using normal weight aggregates. The balance betwden CH to CSH
transformation, pore size distribution and anhyar&fA leads to a decrease in
thermal conductivity and to the optimum compressisgength to thermal

conductivity ratio.

The three coarse LWA presented a higher impachénréduction of compressive
strength than the thermal conductivity of concré&epanded shale is more suitable
to a high strength LWA concrete but the thermaldemtivity of concrete is limited

to values higher than 0.9 W/mK. Expanded clay aqgheded polystyrene concretes

presented structural strength, with a lower themmealductivity down to 0.74 W/mK.
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Coarse expanded clay and expanded polystyrenenprasgmilar balance between
thermal conductivity and compressive strength. Bogéterials seem to be suitable to
obtain a structural concrete with low thermal cactolity.

The LWA porosity affects differently the mechani@ld thermal properties. The
pores of LWA are the weak locations for mechanpmfformance, where the stress
concentration initiates the failure of the concrd®erosity acts similarly for elastic
modulus concentrating deformations around it. Tlastie modulus of concrete when
using LWA is better represented by a series congaspdel. Contrarily, the heat
flux lines flow through the mortar (higher thernz@inductivity phase), avoiding the
pores of LWA. The thermal conductivity of concretsing LWA is better
represented by a parallel composite model. Thidagxp the relative low effect of
increasing the porosity of the aggregate in thentlaé conductivity of concrete. The
expanded polystyrene porosity (99%) does not helglecrease significantly the

thermal conductivity because the heat flux linesiithe LWA.

The increase in LWA volume up to 50% for expandeales and expanded clay and
up to 30% for expanded polystyrene did not increthee thermal conductivity

efficiency because the thermal conductivity of tbacrete is mostly governed by the
mortar matrix. The reduction of thermal conductivaf LWA is not as effective as

expected in reducing the thermal conductivity o #toncrete. The effect of the
replacement of expanded clay for expanded polyséyreith a thermal conductivity

of only 10% of the first, reduced the thermal coetdaty of concrete in less than

15%, for 30% of LWA volume.
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Highlights

* Fine expanded clay allows a higher reduction ofrtfaé conductivity with a lower
reduction of compressive strength compared to ecexpanded clay.

* Fine expanded clay presented: (1) better pore a@padistribution in the concrete
which explain the thermal conductivity, (2) small®aximum pore size which
explain the compressive strength and (3) more edfipores which also affects the
thermal conductivity.

* The combination of constituents generates a higiréwosity effect in the thermal

conductivity with the reduction of thermal bridgeghin the concrete.

Abstract

Energy efficient concrete houses demand cementdbasgerials with reduced thermal
conductivity. This paper evaluates the interacbbthree constituents on the compressive
strength and thermal conductivity: (i) coarse exjghclay (CEC), (ii) fine expanded clay
(FEC), (iii) and fly ash (FA). The three constitterrombined reduced the compressive
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strength and thermal conductivity to 9.3 MPa amtBON/mK. FEC produced a greater
reduction in thermal conductivity and a lower retitut in compressive strength than CEC
for the pore size distribution refinement, decre@msmaximum pore size and increase in

spatial distribution of FEC within the concrete.

Keywords: Expanded clay, fly ash, compressive gttenthermal conductivity, porosity

properties, pore size distribution, CT scan.

5.1. Introduction

Space heating and cooling of residential sectoowtcover 10% of total primary
energy consumption in United States, Europe ande(@orporacion de Desarrollo
Tecnoldgico, 2010; DOE, 2012; Pérez-Lombard et24lQ8). Concrete is the most
used building material and excels in mechanicalpgriies and constructability;
nevertheless, cast in place concrete houses shadd4 in Chile (Remesar & Lopez,
2012) and less than 2% in USA (Portland Cement éiason, 2012). The relatively
low thermal resistance of concrete compared to émdnd masonry construction
contributes to the low use of cast in place corcrehouses. Building codes demand
a minimum thermal resistance for the wall envelopéouses in most populated
areas of Chile (MINVU, 2011) and worldwide (EURIM&007) which are difficult
to reach using conventional concrete construct@ancrete houses with walls of 15
cm width in Santiago, Chile demand a thermal cotidig of 0.42 W/mK, whereas
the thermal conductivity of conventional concretsmges 1.4-2.3 W/mK (Khan,
2002; K.-H. Kim et al.,, 2003; Lamond & Pielert, )0 Therefore, concrete
construction requires the addition of insulatingngda that increases the direct costs
(labor, material) and limits its use compared ® d¢kher construction systems.
Literature review shows two strategies that redheemal conductivity of concrete:
(i) replacement of normal weight aggregates by thigight aggregates (LWA)
(Gunduz, 2008; L H Nguyen et al., 2014; Q.L. Yuakt 2013) and (ii) replacement
of Ordinary Portland Cement (OPC) for supplementaymenting materials (SCM)
(Bentz et al., 2010; Demirboga, 2003b). Neverttel#isese strategies also present
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collateral effects on the mechanical performanceanicrete (Chandra & Berntsson,
2002; Holm & Bremner, 2000; Metha & Monteiro, 2014)

LWA present a cellular pore structure and a lowartiple density than normal
weight aggregates (Holm & Bremner, 2000). Severadiss have shown that LWA
decreases the thermal conductivity of concrete iiGheiu, 2013; Gundiz, 2008; H.
K. Kim et al., 2012; Mateos et al., 2000; L H Ngoyet al., 2014; Q L Yu et al,,
2013; Yun et al., 2013). The LWA air-dry densitgnges from 60 to over 1000
kg/m®, depending of its total porosity (Chandra & Besots, 2002). In general terms,
the lighter the aggregate particle, the lower figinsic strength (ACI Committee
213, 2013; Holm & Bremner, 2000; Videla & Lopez 020 , therefore, all LWA are
not suitable for making concrete with structuraksgth. Expanded clay is among
the LWA that allows production of LWA structurabncrete with low thermal
conductivity at oven-dry state, ranging from 0.850t43 W/mK when using 100%
OPC as cementitious material (L H Nguyen et all&2®@areef, 2010). A study
developed structural LWA concretes with thermaldwgstivity at oven-dry density
of 0.28 W/mK for cenospeheres as LWA (Wu et al120

Fly ash (FA), a by-product of coal power plantss Haeen used as a partial
replacement of OPC in order to meet a sustainableldpment (Bilodeau &
Malhotra, 2000). The OPC production industry ispmsible of the 7% of the
world's CQ emissions (Metha, 2004). Previous studies haveystibat the thermal
conductivity of cement paste is reduced when uSi8y! (Demirboga, 2003b; Fu &
Chung, 1997). Among the SCM, FA is one of the naedfgctive in reducing thermal
conductivity of concrete (Demirboga, 2003a, 2003)e FA effect in mechanical
properties and durability of normal weight concrietere been widely studied for FA
ratios up to 80% (Berry & Malhotra, 1981; Bilode&uMalhotra, 2000; Bouzoubaa
et al., 2001; Langley et al., 1990; Megat Johaalgt2011; Metha, 2004; Oner et al.,
2005; Siddique, 2004; Toutanji, Delatte, Aggounyalu& Danson, 2004; A. Wang
et al., 2003). Literature have shown that the iaseeof replacement level of OPC by
fly ash (i.e. replacement level) up to 70% decreabe thermal conductivity in
binder (Demirbga & Gul, 2003; Demirboga, 2003a, 2003b; M. Y. Ju,Li
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Alengaram, Jumaat, & Mo, 2014) and decreases teagih gain rate (Guo, Shi, &
Dick, 2010; Siddique, 2004; A. Wang et al., 2004).

In despite of the effects of LWA and FA in thernpabperties of concrete, there is a
lack of studies analyzing their effects simultarspuDemirbga & Gul (Demirb@a

& Gul, 2003) showed that the combination of fine AWexpanded perlite, pumice)
with FA replacement level of 10%-30% decreaseddtyethermal conductivity of
concrete to 0.15 W/mK, but also decreased thea¥Bedmpressive strength to 3
MPa (Demirbga & Gul, 2003). Therefore, the resulting mixtureswent suitable for
structural concrete walls. To the authors knowlettgge are not previous studies
focused on developing an insulating structural cetecusing FA and LWA specially
focused on housing applications.

One limitation of the previous studies is that thggnerally measure the thermal
conductivity of oven-dry density (L H Nguyen et,&014; Q.L. Yu & Brouwers,
2012), but this is not the actual moisture conditim the field. In fact, the
equilibrium density (ASTM, 2014c; Holm & BremnelQ@D) is used to represent the
in-service ambient density of LWA concretes, whotntains a moisture content of
approximately 4% by volume (Valore Jr., 1980). dotf the term equilibrium density
is used for LWA concretes (ASTM, 2014c) which caméamore water, compared to
the oven-dry density. This additional water incemathe thermal conductivity up to
20% (Holm & Bremner, 2000; Khan, 2002; Lamond &l&ig 2006). Therefore, it is
required to use the equilibrium density for betegresent the actual performance of
the mixtures.

This study aims to understand and assess the efiedt interaction of three
constituents in the thermal and mechanical propef concrete in order to develop
an insulating concrete for external bearing watledes. The constituents are coarse
expanded clay aggregate, fine expanded clay aggreglad fly ash. The measured
mechanical and thermal properties were compressikength, elastic modulus,
thermal conductivity, thermal diffusivity and spiciheat. The porosity properties of
the coarse and fine expanded clay were analyzddmiiro-CT scan. Multiple linear

regression models for compressive strength andnideconductivity were assessed
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to evaluate the impact of each component. The aisabf the interaction between
compressive strength and thermal conductivity aldvio select the strategies that
most reduced the thermal conductivity with the lstvenpact in the compressive
strength.

5.2. Experimental program

5.2.1 Materials and mix proportion

Concrete mixtures were produced using an Ordinaryldhd Cement (OPC) with a
specific gravity of 3.14 and Blaine fineness of 4hflkg and Fly ash (FA) with
specific gravity of 2.37. A siliceous normal weigidgregate and an expanded clay
lightweight aggregate were used. The physical pt@se of normal weight
aggregates and lightweight aggregates (LWA) aravehin Table 4-1. LWA were
submerged for 72 hours prior to mixing to achiemeadequate pre-wetted condition
(ACI Committee 213, 2013) . This condition was usefdr water absorption
measurement (ASTM, 2013). Also, high range watducer was used in a dose of
0.2% by cement weight for all mixtures.

The total porosityP, of both coarse and fine LWA was estimated froraatign 1.
The oven-dry densityy,p, was measured (ASTM, 2013) and the density otthiel
portion of expanded clayp,;;4, Was considered as 2650 k§/nas reported in
previous studies (ACI Committee 213, 2013; Bogaalet2012; Holm & Bremner,
2000).

p=1— Pop

ey

Psolid
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Table 5-1 Physical properties of aggregates

Aggregate Origin Size Oven-dry SSD Abs. Total
(mm) density density (%)  porosity
(kg/m)  (kg/m) (%)
Lightweight Rotatory kiln 5/0 885 1260 423% 67%
coarse expanded produced in
clay Spain
Lightweight fine  Crushed from 20/10 784 941 20.0% 70%

expanded clay coarse
expanded clay
Normal weight Natural sand 5/0 2658 2679 0.8% -
fine aggregate from river
Normal weight Crushed 20/10 2617 2662 1.7% -

coarse aggregate

The objective was to understand and assess thet affiel interaction of the three
mentioned constituents for the development of asulating concrete with the
minimum effect in the compressive strength. Figlirpresents the experimental
design, which considers three factors: (F1) coargeanded clay relative volume,
(F2) fine expanded clay to total fine aggregateoranhd (F3) FA replacement level.
F1 represented the LWA volume fraction in the totaincrete volume. F2
represented the volumetric replacement rate of abweight fine aggregate for fine
expanded clay and was limited to 75% due segregapimblems for higher
replacement in a trial mixture. F3 was the volumeteplacement level of OPC for
FA.

The experimental design corresponds to a fractiazbrial (“NIST/SEMATECH
e-Handbook of Statistical Methods,” 2012; Serpellé&ez, 2013). It consists in two
binary models: (1) two factors (F1, F2) at two leveach with an intermediate
mixture having the average levels of each factod, @) three factors (F1, F2, F3) at

two levels each with an intermediate mixture. The tmodels are represented in
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Figure 5-1: Experimental program mixtures, where tmodel 1 corresponds to the
mixtures with 0% of FA replacement level and mo2i@lorresponds to the mixtures
with FA. The levels are presented in Table 5-2. értar and a concrete with normal
aggregates and OPC were elaborated as control nesxtlihe water-to-cementitious
material ratio was fixed at 0.4 for all the mixtsireThe mixture proportions of

factorial (1) (CF) and factorial (2) (CFFA) are peated in Table 5-3.
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Figure 5-1: Experimental program mixtures
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Table 5-2: Levels and factors of the experimentagpm

Experimental factors Levels
Name Description -1 0 1
F1 Coarse expanded clay relative volume 20% 35% 43%
F2 Fine expanded clay to total fine aggregate rat 16% 45% 75%
F3 FA replacement level of OPC 20% 40% 60%

Mixtures were produced in a 100 liter vertical axisxer. Coarse and fine LWAs
were submerged in water for 72 hours and drainead No. 50 sieve for 10 minutes
before the mixing. Moisture content of lightweigiggregates was considered in the
mixing water. Nine 100x200-mm cylindrical specimenmsre cast for mechanical
tests and two 1150-mm cubic specimens were cashémal properties. Concrete
was compacted by rodding, according to ASTM C193TM, 2006).

Specimens were left in their molds for 24 hours anddmerged in water at 20 °C
(¥1) for 7 days after demolding. Two 150x150x75 mnsmatic specimens were
saw-cut from each cubic specimen. The cut was peipelar to the filling face of
the specimen. Then, the specimens (prisms anddeykh were stored in a chamber
at 22°C (£2) and 50% (+3) R.H., until the age & thechanical and thermal tests.
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Mix OPC FA Water Coarse Coarse Fine Fine HRWA
(kg/m®)  (kg/m?) (kg/n?) expanded normal expanded normal (Kg/m®)
clay weight clay weight
(kg/m?®)  aggregate (kg/n?)  aggregate
(kg/n) (kg/n)

Concrete 390 0 156 0 870 0 890 0.78
Mortar 600 0 240 0 0 0 1470 1.20
CF1 464 0 184 188 0 88 999 0.93
CF2 334 0 132 400 0 64 717 0.67
CF3 377 0 150 329 0 202 532 0.75
CF4 464 0 184 188 0 414 297 0.93
CF5 334 0 132 400 0 297 214 0.67
CFFAl 371 70 176 188 0 88 995 0.88
CFFA2 267 50 127 400 0 64 715 0.63
CFFA3 186 210 158 188 0 88 995 0.79
CFFA4 133 151 114 400 0 64 715 0.57
CFFA5 226 114 136 329 0 202 530 0.68
CFFA6 371 70 176 188 0 414 296 0.88
CFFA7 267 50 127 400 0 297 214 0.63
CFFA8 186 210 158 188 0 414 296 0.79
CFFA9 133 151 114 400 0 297 214 0.57
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5.2.2Test procedures

a) Mechanical properties

Compressive strength was measured at 7, 28 anday&while elastic modulus was
measured only at 28 days; both properties weresssdebased on the average of
three specimens. Elastic modulus was measurediagplp to 33% of the maximum
compressive strength and the strain was registgitbdthree extensometers. Elastic
modulus was calculated according to ASTM C469 (ASERIL4b).

b) Thermal properties

The thermal properties were measured with a Hok DiBS1500 in the single side
mode. This is a state of the art transient teclentat measures thermal conductivity
and thermal diffusivity of materials (Gustafsso891). The volumetric specific heat
is calculated from these two properties. The tleimssr acts both as a heat source and
a temperature sensor. In the single side modesethgor was located over the sample
and the other side was covered with polyurethareerifial conductivity =
0.025W/mK, thermal diffusivity = 0.25 mffs). The maximum increase of
temperature during the test was 5 °C for all teas. The sensor model was 4922,
with diameter of 29.2 mm. The penetration deptthamizontal and perpendicular
direction from the sensor was at least 23 mm. Tleasurement time was 320
seconds. The tests were developed under laboratorgitions at 20° C (x1). The

prismatic specimens were measured one time.

The thermal properties were registered for specaman equilibrium moisture
condition at 120 days and also at oven-dry comdlitibhe equilibrium moisture
condition was determined when specimens reachesatltalled equilibrium density
which occurs when the mass of the specimens pesbdéess than 0.5% change in
successive measurements 28 days apart (ASTM, 20I4e)oven dry condition was

obtained by drying the specimens at 105°C for 48r&idtime to reach constant
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mass), and cooled for 5 hours until reaching 20PRe heating and cooling rates
were 0.5°C/min to minimize the temperature gradieahd therefore thermal
cracking.

c) Micro-CT Analysis

Micro computed tomography scans of coarse andelipanded clay were performed
to analyze their porosity. A representative sangblthe fine expanded clay particle
size distribution was enclosed ipalyethylene test tube of 20 mm long and 6 mm in
diameter. One coarse expanded clay aggregate Wextesk based in the median
oven-dry density of 20 individual aggregates.

Scans were performed in the MicroCT Core Laboratffexas, USA) in a
Skyscan1172 desktop micro-CT system. The samples seanned in air for 1 hour
with the following settings: 60 kV, 138A, 1.0 mm aluminum filter, 0.7° rotation
step, 360° rotation, 6 frame averaging, 2240 x 22@D, 1000 millisecond exposure

and 10um voxel size.
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5.3. Results and discussion

The results of mechanical properties and thermapgmties at equilibrium moisture
conditions are presented in Table 5-4. Multiplee$in regression analyses were
performed for the 120-day compressive strength #metmal conductivity at
equilibrium density. The 120-day compressive stiiengas selected to match the age
at which the equilibrium condition was reached, lsmth results represent the
concrete under the same age, curing and hydratindittons and are representative

of actual conditions in the structure.

Table 5-4: Mechanical properties, thermal properéied density of concretes.

fc 7 fc 28 fc 120 E 28

Mix Peq pop days days days days Kegq Oeq Ceq
(kg/m®)  (kg/m®) (MPa) (MPa) (MPa) (GPa) (W/mK) (mm2/s) (J/kgK)
Concrete 2391 2350 81.4 48.3 1.59 0.76 888
Mortar 2304 2222 84.6 38.9 1.44 0.62 971
CF1 1792 1728 28.2 28.8 28.5 26.0 1.04 0.59 1055
CF2 1560 1500 18.0 19.3 19.0 15.9 0.78 0.52 980
CF3 1483 1404 15.6 16.6 17.0 17.3 0.68 0.46 1140
CF4 1461 1363 18.0 19.9 22.4 12.6 0.63 0.47 936
CF5 1213 1142 11.7 12.9 14.4 111 0.52 0.44 963
CFFAl1 1837 1773 234 27.7 27.0 23.7 0.90 0.54 956
CFFA2 1499 1436 16.9 18.9 17.5 18.0 0.77 0.45 1127
CFFA3 1726 1638 15.7 23.0 25.8 18.1 0.83 0.51 987
CFFA4 1479 1435 12.4 16.4 15.9 15.9 0.71 0.50 962
CFFA5 1429 1355 14.7 17.0 17.6 16.3 0.66 0.46 999
CFFA6 1399 1342 14.6 14.3 15.2 125 0.59 0.45 950
CFFA7 1240 1172 111 12.8 13.3 11.3 0.50 0.44 907
CFFA8 1232 1167 6.9 119 13.7 12.2 0.48 0.43 889

CFFA9 1174 1102 6.1 9.3 9.3 10.0 0.43 0.43 837
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Note: p.q4: equilibrium density,pop: oven-dry density, fc: compressive strength, E:
elastic modulusk,,: thermal conductivity at equilibrium densitya,,: thermal

diffusivity at equilibrium density;,,: specific heat at equilibrium density

Figure 5-2 shows the effect of the concrete’s dgnsithe thermal conductivity for
equilibrium and oven-dry density. The combined @ffaf coarse expanded clay, fine
expanded clay and FA decreased the thermal congycti 74%, when compared to
the normal weight concrete. Concretes without FA (Qixtures) presented a higher
thermal conductivity than concretes with FA (CFFAxtares). The interaction of
constituents allowed achieving concretes with simibtal LWA volume (48-53%),
where the equilibrium density varied in 6%, but hwitifferences in thermal
conductivity up to 19%. It is observed that eacbtda contributes differently in
decreasing the thermal conductivity. The impaceaéh factor will be analyzed in

sections 3.1 and 3.2.

@ CFFA, equilibrium density
1.60 1 O CFFA, oven-dry density A
@ CF, equilibrium density A
1.40 -|{| OCF, oven-dry density (]
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Figure 5-2: Thermal conductivity and density of cates for equilibrium density

and dry density
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Figure 5-2 also shows the effect of the equilibriomaisture content in the thermal
conductivity. The equilibrium moisture content aincretes increased the thermal
conductivity at equilibrium density compared to thesn-dry density in 7-33% with
an average of 18%. This effect is caused by thiednithermal conductivity of water
compared with the air, which is 15 times higher ¢&idastidar, 2012). Even though
concrete structures are not at oven dry conditchngng its service life, the effect of
the moisture content in the thermal conductiviturfd herein can be considered to
estimate properties in the actual moisture conaltiwhen the oven dry conductivity

is known.

5.3.1Multiple linear regression models for compressive teength and thermal

conductivity

Multiple linear regression (MLR) models were deyad for compressive strength
and thermal conductivity in order to assess thertmrtion of mixture design factors
on each property. MLR allows evaluating the effetindependent variables (i.e.,
the constituents used) in one dependent variabde, @ompressive strength and
thermal conductivity). Thus, the independent vdeslvepresent the effect of: coarse
expanded clay relative volume, fine expanded atatotal fine aggregate ratio and
FA replacement level. The coarse expanded clayivelaolume is the only variable
that represent the actual volume of the concretidevthe volume of the other two
depend on the coarse expanded clay relative voldimexefore, the fine expanded

clay to total fine aggregate ratiSg¢ () was transformed to fine expanded clay
volume Vg () (Equation 2) while the FA replacement levg} () was transformed

to the FA paste volumé/{,) (Equation 3).

Ve = Vs * Secer) (2)
Vea =Vp * Spa (3)
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whereVgqr is the fine expanded clay volunig,is the total fine aggregate volume
andSgcr is the fine expanded clay to total fine aggregat®. Additionally,Vg, is
the FA paste volumé, is the binder volume ank}, is the FA replacement level.
Fine aggregates and OPC volumes were also condidsrsdependent variables on
the analysis, but were found to be not significartie results obtained are valid
within the limit of the ratios and volumes definedthe experimental program. The

proposed models are represented in Equation 4 guatién 5.

fest = Bo + B1* Vea + B2 * Vecry + B3 * Vecey  (4)

kest = Yo+ v1* Vea+ V2 *Vecwr) + vz * Ve )

Where f,; is the estimated compressive strength,,; is the estimated thermal
conductivity, Vg (cy is the coarse expanded clay voluig; ) is the fine expanded
clay volume and/y, is the fly ash paste volume. Additionalf§t,andy; are the MLR
coefficientgi = 0,1,2,3).

MLR model for compressive strength

Table 5-5 present the model summary and coefficiesitlts. When the MLR model
is estimated for compressive strength, Bae3,, and ;3 parameters in Equation 4
become the values shown in Table 5-5. These valepeesent the individual
contribution of each constituent on the compressivength of concrete for a level
of significance of 0.05. The fact that tBeparameters are negative implies that an
increase in the volume results in a decrease otdimerete compressive strength.
The three constituents explained the 92% of thealdity of the compressive
strength at 120 days of the concrete.

The constituent that least reduced the compressirength is the FA volume,
followed by the fine expanded clay volume and tbarse expanded clay volume.

From Table 5-5, an increase of 10% each of the titoests decrease the
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compressive strength in: 2.3 MPa FA volume, 3.5 M@&afine expanded cla

volume, and 4.4 MPa for coarse expanded claume.

Table 5-5:Model summary and oefficient results of the compressive strer

regression analysi

Coefficient: Standard  t Statistic P-value 95% C.I. (£

Error
B. 39.9 2.0 19.6 2.6E-09 4.5
,::: -23.9 6.8 -3.5 5.5E-03 15.1
- -35.0 4.6 -1.7 1.7E-05 10.1
B3 -43.7 4.7 -9.2 3.3E-06 10.5

R°=0.924, Adjusted “=0.902

The increase of FA volume reduced the -day compressive strength because
increment of FA replacement level decreases thec@iient produced by the OF
upon hydration. Additionally, the 50% relative huaiity used for conditioning th
samples betwee7 and 120 days possibly reduced the degree of tigdraf the
binder and therefore the strength gain rate. Puosvistudies reported that t
hydration of the cement paste stops for interniatike humidity (R.H.) below 809
(Patel et al., 198. The decrease in the hydration process is relatedduction o
water activity by the negative capillary pressin the pores for R.H. below 80
(Flatt et al., 201.-.

The inclusion of coarse expanded clay presentedigaeh decrement in tr
compressive strength than the inclusion of fineaexied clay. This effect of tt
LWA size has been seen previou(K. G. Babu & Babu, 2003; Holm & Bremne
2000; Le Roy et al., 200. The increase of coarse and fine expanded clay eek
the compressive strength because their intrinsgmgth is lower than normal weig
aggregates and the mortar phéThis effect waslso evidenced in previous resea
(ACI Committee 213, 2013; Moreno et al., 2014; Vad& Lopez, 2001; Y. Kee
A.L. Beaucour , S. Ortola , H. Dumonte 2009) . The weakening effect ¢
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lightweight aggregates is related with their pasoswvhich will be discussed in
section 3.2.

b) MLR model for thermal conductivity

Table 4-6 shows that the individual increase ofttiree constituents also decrease
the thermal conductivity of concrete for a levelsajnificance below 0.05 (Table 6).
The three constituents explained the 98% of theiabdity of the thermal
conductivity at 120 days and equilibrium moisturke constituent that most reduced
the thermal conductivity is the fine expanded clajume, followed by the coarse
expanded clay volume and the FA paste volume. Frabie 6, the increase of 10%
decreases the thermal conductivity in: OW4mK for fine expanded clay volume,

0.10 W/mK for coarse expanded clay volume and 0.0V /mK for FA paste
volume.

Table 5-6: Model summary and coefficient resultstioé thermal conductivity

regression analysis

Coefficients Standard Error t Statistic P-value 95% C.I. (¢)

Yo 1.29 0.03 43.8 9.3E-13 0.07
Y1 -0.70 0.10 -7.2 3.1E-05 0.22
Y2 -1.40 0.07 -21.3 1.2E-09 0.15
Y3 -1.00 0.07 -14.6 4.5E-08 0.15

R?=0.983, Adjusted R=0.978

The reduction of thermal conductivity due the irm@e of coarse and fine expanded
clay is associated with their high porosity, whishconsistent with the literature
(ACI Committee 213, 2013; Holm & Bremner, 2000; LNduyen et al., 2014). In a
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previous study, the total replacement of siliceamamrse aggregate for coarse
expanded clay decreased the thermal conductivig8#b, from 1.8 to 0.94 W/mK
(Sacht, Rossignolo, & Santos, 2010) while othadgtreported a 36% decrease in
the thermal conductivity with a 100% replacemeiibraf fine expanded clay (L H
Nguyen et al., 2014). The influence of porosityl wé discussed in section 3.2.

The FA paste volume effect on the thermal conditgtig related with the increase
on the porosity due a higher degree of hydratioaniPbaza, 2007; A. Wang et al.,
2004; Z. Yu & Ye, 2013). Anhydrate FA also preseatiower thermal conductivity
than anhydrate OPC due the amorphous structuréAgiDemirboga, 2003a). The
pore refinement effect of FA and the transformabbthe crystalline CH to the more
amorphous CSH due to the pozzolanic reaction oFtheontribute to the decrease
of thermal conductivity (Chapter Four). Previouse&ch showed that a 30% of FA
weight replacement decreased the thermal condtyctivil2% for pumice and 14%
for expanded perlite concrete (Demigao& Gul, 2003). FA paste also presents
lower thermal conductivity than Portland cementt@g®emirboga, 2003a; K.-H.
Kim et al., 2003).

5.3.2 Effect of porosity on compressive strength and thenal conductivity

The MLR results indicate that fine expanded clagdpiced a greater reduction in
thermal conductivity and a lower reduction in coegwmive strength than coarse
expanded clay. These results are influenced byp¢i¢ spatial distribution of the
LWA pores within the concrete, (2) maximum poreesdtf expanded clay and (3)
refinement of pore size distribution in the LWA fiees. The porosity properties of
coarse and fine expanded clay were measured in ac@i and are presented in
Table 5-7. The measured total porosity (Table &s1pwer than the estimated total
porosity (Table 4-1) because the CT scan visuappess bigger than 10 um. Figure
5-3 shows density distribution images for coarsd #ine expanded clays, where
white represent the most dense and red the leased&he red color predominates
the images, which is related with the high porosity WA, as expected.
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Table 5-7: Porosity properties of coarse and fikRpaaded clays from CT scan

analysis
Sample Closed Open Total Surface
porosity porosity  porosity area/Volume ratio
(%) (%) (%) (mm'?)
Coarse expanded clar  0.2% 54.4% 54.5% 0.653
Fine expanded clay 0.3% 52.6% 52.8% 8.12

(b)

Figure 5-3: Density distribution image from CT sclmom: (a) Coarse expanded

clay; (b) Fine expanded clay

The higher reduction of thermal conductivity byeiiaxpanded clay is also explained
by the pore spatial distribution of the pores ie toncrete. For the same LWA
volume, a smaller aggregate size increases thiestatface area. Fine expanded clay

presented more than 12 times the surface areact@ee expanded clay. This means
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that fine expanded clay allows a more homogeneaus gppatial distribution than
coarse expanded clay, for the same volume of LWWKenT the improvement of
LWA spatial distribution also decreases the pasttadce between LWA particles. A
better distribution of the pores (the dispersedsphalecreases linear pathways of
binder paste (the continuous phase) in the concféis force the heat flux pathways
to pass through the smaller size aggregates. Thmouwrament in pore spatial
distribution allows to reduce the thermal conduttifor the same total porosity. In a
previous research, numerical simulations indicaieat the size and the spatial
distribution of the bigger pores influenced theeefive thermal conductivity of
porous media (Huai, Wang, & Li, 2007). Our resudt®ow that the pore spatial
distribution must be considered in order to furttestuce the thermal conductivity of
concrete.

The maximum pore size also influenced the compressirength. Literature shows
that the decrease of the maximum aggregate sizeased the compressive strength
for expanded polystyrene LWA concrete (Le Roy et 2005; Miled et al., 2007).
Holm and Bemmer also showed the same effect foamdgd shale with the increase
of the ceiling strength (Holm & Bremner, 2000). NMetheless, the air pores of LWA
behave as stress concentrators for LWA concreteerundmpressive stress. The
stress concentration in the vicinity of LWA poregggering crack formation and
propagation and ultimately failure (Popovics, 1998)arse LWA presented a higher
maximum pore size (1.81 mm) than fine expanded (83 mm). A smaller pore
size decreases the stress concentration withinWta. The 7.6% of the porosity
volume of coarse expanded clay is present in ptasger than 0.83 mm, the
maximum size of fine expanded clay. Based in thes€dn results, the decrease of
the maximum pore size of LWA with similar porosg#tieshould increase the
compressive strength of LWA concretes.

The refinement of pore size distribution affecte thhermal conductivity. Coarse
expanded clay presented a slightly higher totabgity than fine expanded clay, but
the latter presented more refined pores, as showkigure 5-4. The 90% of the
porosity volume is present in pores smaller th&8 @am for fine expanded clay and
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0.50 mm for coarse expanded clay. Previous resednaWwed that the refinement of
pore size distribution decreased the thermal candty; for the same pore volume
(Pia & Sanna, 2013).
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Figure 5-4: Cumulative pore volume of the total gsity of fine and coarse

expanded clays

5.3.4Interaction of thermal conductivity and compressivestrength

The present development demands a strategy thegades the thermal conductivity
with a minimum negative impact of the compressivergjth. Figure 5-5 shows that
the combined effect of coarse expanded clay, fixgaeded clay and FA allows
achieving a lower thermal conductivity than eacimstibuent used independently.
The slopes in Figure 5-5 represent the “cost” impressive strength of lowering the
thermal conductivity. A more inclined slope meahattthe reduction in thermal
conductivity requires an important decrease in a@sgve strength. Similarly, a
less inclined slope means that the reduction imntaé conductivity has a minor
reduction in compressive strength.

The combined effect of constituents also show theebt slope compared to the

constituents used independently meaning that isosae nefficient strategy. The
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independent effect of the constituents was obtafrad a previous study (Chapter
Four). For a decrease of 0.1 W/mK there was aifosempressive strength of: 10.7
MPa for FA, 8.6 MPa for fine expanded clay, 5.8 M&acoarse expanded clay and
only 2.2 MPa for combination of coarse and fineanged clay. When FA is also
included with the combination of coarse and expdndiys, the reduction in
compressive strength was 3.3 MPa.

The combination of constituents enables to decresasltaneously the thermal
conductivity of the different phases of concreggragates (coarse, fine) and binder.
Then, the heat flux through the concrete presethiglzer tortuosity effect with the
reduction of thermal bridges formed by higher th@rrmmonductivity components.
The higher decrease rate in thermal conductivityysea a smaller cost in
compressive strength. In despite of the higherirmt®mpressive strength reduction,
the use of FA allows to achieve lower values ofrited conductivity, reducing the

heat flux through the binder.
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Figure 5-5: Relationship of compressive strengit thermal conductivity.

Note: FAC: FA concrete, FEC: Fine expanded claycosie, CEC: Coarse expanded
clay concrete, CF: Coarse LWA and Fine LWA combjn€&FA: Coarse LWA,
Fine LWA and FA combined

The reduction of maximum size aggregate of the LW\Ajch is related with a

reduction of the maximum pore size, is recommendednhance the compressive
strength and further reduce the thermal condugtlite to two different effects: the
more refined pore size distribution within the LWparticle and the more

homogeneous spatial distribution of pores in thecoete. Then, the compressive
strength of concretes with the lowest thermal catidily can be further increased to
structural strength reducing the maximum aggregate (Holm & Bremner, 2000;

Le Roy et al., 2005; N. Liu & Chen, 2014; Miledadt, 2007).



87

5.4. Conclusions

This study reports mechanical and thermal propedfeLWA concrete with coarse
expanded clay, fine expanded clay and fly ash coetbiin different levels.
Lightweight concretes with compressive strength Hretmal conductivity ranging
28.8-9.3 MPa and 1.04-0.43 W/mK, respectively wasgined. The impact of each
constituent on the compressive strength and theomadluctivity of concrete was
evaluated. The main conclusions are listed asvislio

The combined effect of coarse expanded clay, fkpaeded clay and fly ash allows
achieving a 74% decrease in the thermal condugtiit equilibrium density of
concrete, up to 0.43 W/mK, with a compressive gjteiof 9.3 MPa.

The fine expanded clay allows for a larger reducbbthermal conductivity with the
lower reduction in the compressive strength conpénecoarse expanded clay. Fly
ash presents the smallest effect in both compressitrength and thermal
conductivity.

The porosity properties of expanded clay parti@dgplain the better compressive
strength and thermal conductivity performance ef fine expanded clay aggregate,
compared to coarse expanded clay. Based on the®&ilresults, fine expanded clay
presented: (1) better pore spatial distributionthe concrete which explain the
thermal conductivity performance, (2) smaller maxmpore size which explain the
compressive strength performance and (3) moree@fpores which also affects the
thermal conductivity performance.

The combination of constituents generates a highrtwosity effect in the thermal
conductivity with the reduction of thermal bridge#thin the concrete. The higher
decrease rate in thermal conductivity causes alsn@ist in compressive strength.
In despite of the higher rate in compressive stfengduction, the use of FA allows
to achieve lower values of thermal conductivitydueing the heat flux through the

binder.
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Abstract

Building codes demand a reduction in the thermabaoativity of cement based materials.
This study explored the mechanical and thermal gntags of pervious concretes. The
effect of paste volume, aggregate type (normal teigghtweight) and the aggregate size
of lightweight aggregates were analyzed. The lighgwt aggregate used was expanded
shale. The interaction between the compressivengitieand thermal conductivity were
analyzed. The centrifuge method was adapted anelagad to determine the effective and
internal porosities of pervious concretes. Theaegment of normal weight aggregate for
expanded shale is more efficient than the incredssfective porosity in normal weight
aggregate pervious concrete and allowed a higliercten in thermal conductivity. This
effect showed that the thermal conductivity of pewg concretes is governed by the heat
flow through the aggregates.

Keywords: pervious concrete, porous concrete, mesficoncrete, lightweight aggregates,

expanded shale, thermal conductivity, compressrength
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6.1. Introduction

Concrete, the most used building material, excelanechanical properties and
constructability but lacks of thermal resistanceefO10% of total primary energy
consumed in United States, Europe and Chile ibéating and cooling of residential
sector (Corporacion de Desarrollo Tecnolégico, 20R€rez-Lombard et al., 2008).
The building codes demand an increment of the themasistance of normal
concrete wall houses. This opens the opportunitgxplore the combination of
concrete technologies that reduces the thermalumtivity of concrete

Pervious concrete, also known as porous or no-fioesrete is composed of paste
and gap-graded coarse aggregates, where the comgcdioem an internal pore
structure, with the porosity ranging 15-30% (Ded\&ithalath, 2011; J. Kevern et
al., 2009; J. T. Kevern et al.,, 2008; Sumanasooeiyal., 2013; K. Wang et al.,
2006). Pervious concrete have been used in paveimrewater runoff management
(Manabhiloh et al., 2012; Sansalone et al., 2008pwifying (Asadi et al., 2012) and
noise reduction (H. K. Kim & Lee, 2010). It was @lased for external walls in
buildings (Short & Kinniburgh, 1963) and its duttdi has been assessed (Carsana
et al., 2013).

It has been reported that the increase of porasifyervious concrete decrease the
thermal conductivity of concrete (Short & Kinnibtg1963; Valore Jr. & Green,
1951; Wong et al., 2007) Nevertheless, it is gtityher than the demanded for
external walls and the mechanical properties wetenmeasured in the same study.
The thermal and mechanical properties of perviarietes have not been assessed
yet, with most of studies focusing on the mechdrpoaperties.

Lightweight aggregates (LWA) present a higher pibydban normal aggregates that
produce a decrease in the compressive strengtthartlermal conductivity of LWA
concretes (ACI Committee 213, 2013; Chandra & Bswor, 2002). There has been
more interest in assessing the mechanical and gleroperties of LWA concrete
for expanded clay (L H Nguyen et al., 2014; Mikén&ech & Zareef, 2008; Yun et
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al., 2013), expanded shale (L H Nguyen et al., 20d#h et al., 2013) and other
LWA'’s (Gundiz, 2008; Mateos et al., 2000; Uysahlet2004; Q.L. Yu et al., 2013).
Nevertheless, there are limited results of perviooiscretes with LWA. One study
evaluated the mechanical and thermal propertiesV@A pervious concretes, with
compressive strength ranging 2.5-6.0 MPa and tHecoraductivity ranging 0.16-
0.25 W/mK (Zaetang et al., 2013). The LWA used weoé suitable for structural
concrete and limited the compressive strength forstructural application. It is
desired to explore the mechanical and thermal ptiegeof pervious concretes with
LWA suitable for structural concretes. Expandedlesieave been highly used for
LWA structural concrete (H.Z. Cui et al., 2012; Kea, A.L. Beaucour , S. Ortola ,
H. Dumontetb, 2009; Yun et al., 2013). It seemsadle to increase the compressive
strength of LWA pervious concretes.

The total porosity of pervious concretes affecte ttmechanical and thermal
properties. Current methods for determine pervioarscrete porosity are based in a
volumetric approach and allow measuring the toff@céve porosity for a specific
drying method (ASTM, 2014a; Montes et al., 2005kvaitheless, this method
cannot quantify the porosity formed in the inters&iucture in a LWA pervious
concrete. The LWA porosity increases the totalaive porosity of a LWA pervious
concrete. There was not found a method that alloirsy a pervious concrete to
SSD. It is desired to determine the surface-drpgity of pervious concrete in order
to quantify the effective porosity at SSD and thieinal porosity of LWA pervious
concretes.

This article aims to explore the mechanical andnta¢ properties of pervious
concretes. The effect of the paste volume and ype of aggregates (NWA and
LWA) were assessed. A novel test method was deedlop determine the internal
porosity of pervious concrete with NWA or LWA. Tkkempressive strength, elastic
modulus, thermal conductivity, thermal diffusiviand specific heat were reported.
The interaction between the compressive strength tharmal conductivity were

analyzed to select the strategies that most imgdbtebalance of both properties.
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6.2. Experimental program
6.2.1 Materials and mix proportions

Concrete mixtures were produced using an Ordinanldhd Cement (OPC) with a
specific gravity of 3.14 and Blaine fineness of 4itlkg. Normal weight aggregate
(NWA) were produced in Chile. Expanded shale fro®AUvas used as lightweight
aggregate (LWA). The LWA were submerged for 72 Boamd the absorption was
obtained according to ASTM C1761 (ASTM, 2013). Tdggregates properties are

presented in Table 6-1.

Table 6-1: Physical properties of aggregates

Aggregate Size  OD density SSD density Abs., 72 hr
(mm) (kg/m) (kg/m) (%)
Coarse expanded shale 12.5/10 1267 1430 12.9%
Coarse expanded shale 10/5 1257 1423 13.2%
Normal weight coarse aggrega 10 /5 2679 2700 0.8%

The experimental design consists in a fractionatof@al (“NIST/SEMATECH e-
Handbook of Statistical Methods”). It consists ihiaary model of two factors (paste
volume, Type of aggregate) and two levels, with artdrmediate mixture (Table
6-2). The objective of varying the paste volume weasary the effective porosity of
pervious concretes. These five mixtures preserggdegate size #4 (passing 10 mm
sieve and retained in 5.0 mm sieve). Two mixturesewadded for LWA with
aggregate size 3/8” (passing 12.5 mm sieve andheetan 10 mm sieve) to evaluate
the increase in LWA size. The water-to-cement rgi¢C) and the aggregate
volume were fixed at 0.32 and 58% respectivelydibrithe mixtures. The mixture
proportions are shown in Table 6-3.
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Table 6-2: Levels and factors of the experimentagpm

Experimental factors Levels

Name Description -1 0 1

TA Type of aggregate ~ 100% NWA  50% NWA, 50% LWA  100% LWA
PV Paste volume 20% 24% 28%

Concrete was mixed in an 80-liter vertical axis enix Expanded shale was
submerged in water for 72 hours and drained in a3@cieve for 10 minutes before
the mixing. Moisture content was considered in iiiging water. The compaction
method was based in a previous research (Casttd).20oncrete samples were cast
in three layers by rodding 25 times each layer. Gbmmpaction was completed by
dropping the molds from 5 cm height three timesrafvdding the last layer.

Three 10x20 cm cylindrical specimens were casteach batch for mechanical
testing and two 10x20 cm cylindrical specimens werst for thermal properties and
porosity testing. Four 10x10 cm cylindrical speamsevere saw-cut from the two
cylindrical specimens for thermal properties andopity testing. Specimens were
left in their molds for 24 hours and submerged atex at 20(x1) °C for 7 days after
demolding. Then, the specimens were stored in anbba at 22°C (x2) and 50%

(x3) R.H., until the age of the mechanical, therarad porosity tests.
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Table 6-3: Mix proportions of pervious concretes

Mix w/C OPC Water Coarse NWA Coarse LWA
(kg/nr)  (kg/n) (kg/n) (kg/n)

NW28%, #4 0.32 439 140 1514 0
NW20%, #4 0.32 313 100 1514 0
(NW,LW)25% ,#4 0.32 392 125 757 433
LW28%, #4 0.32 439 140 0 842
LW20%, #4 0.32 313 100 0 842
LW28%, 3/8" 0.32 439 140 0 829
LW20%, 3/8" 0.32 313 100 0 829

6.2.2. Mechanical and thermal procedures

d) Mechanical properties

Compressive strength and elastic modulus were megsim 3 specimens at 28 days.
Elastic modulus was measured applying up to 33%hefmaximum compressive

strength and the strain was registered with 3 exterters. Elastic modulus was
calculated according to ASTM C469 (ASTM, 2014b).

e) Thermal properties

The thermal properties were measured with a Hok DRS1500 in the double side
mode. This is a state of the art transient teclentat measures thermal conductivity
and thermal diffusivity of materials (Gustafsso891). The volumetric specific heat
is calculated from these two properties. The tleimssr acts both as a heat source and
a temperature sensor. The maximum increase of ratupe during the test was 5 °C
for all the samples. The sensor model was 4922y diameter of 29.2 mm. The
penetration depth in horizontal and perpendiculegction from the sensor was at
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least 23 mm. The measurement time was 320 secdiestests were developed
under laboratory conditions at 20° C (x1). Eachldewsample was tested once.

The thermal properties were registered in equuirimoisture condition at 90 days
and in oven-dry condition. The equilibrium moistaandition was determined when
specimens reached the so called equilibrium demgiigh occurs when the mass of
the specimens presented less than 0.5% changedassive measurements 28 days
apart (ASTM, 2014c). The oven dry condition wasagied by drying the specimens
at 105°C for 48 hours (time to reach constant mas®) cooled for 5 hours until
reaching 20°C. The heating and cooling rates weBQdmin to minimize the

temperature gradients and therefore thermal crgckin

6.2.3. Porosity measurement methods

a) Centrifuge method

The centrifuge method was proposed to determinenthisture properties of LWA at
SSD (A. E. Miller, Barrett, Zander, & Weiss, 2014;Miller et al., 2014). The basis
of the method is the balance between the centlifiogee that extracts the water and
the capillary force that holds the pores. Miller @&t (2014) showed that there is a
minimum time necessary for the water flow from th&A surface. This centrifuge
method was extended to pervious concrete samptes;iqure 6-1 shows. Two
cylindrical samples were measured simultaneoushyat applied up to 720 seconds
(12 minutes) for all the samples.

The vacuum saturation method was applied to theige concretes before the
centrifuge method to saturate most of permeablespadk previous research showed
that the vacuum method is the most efficient séittmamethod for measuring the
effective porosity (Safiuddin & Hearn, 2005). Trewation method was applied to
four specimens for each pervious concrete, basedA®mM C1202 (ASTM,
2012).The centrifuge method was run at a centrigpgeed of 2800 rpm.
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Figure 6-1: Centrifuge setup for porosity measumgme

Figure 6-2 shows the apparent effective porosityL\\WfA pervious concrete with

paste volume of 20% and aggregate size #4. Moshefwater content was lost
during the first 30 seconds of spinning. After @ f@inutes, the effective porosity of
all pervious concretes rapidly stabilized. The tese selection criteria was when the
apparent effective porosity decreased less tha @ot extra 60 seconds (1 minute)
of centrifuge spinning. The test time was 360 sdsof® minutes) for all pervious
concretes. The apparent effective porosity justrabses 0.5% for an extra 360

seconds (6 minutes) of spinning.
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Figure 6-2: Effect of test time of centrifuge medho the apparent effective porosity

Micro-CT scan analysis for porosity measurement

Micro computed tomography scans of expanded shélsize 3/8” and NWA
pervious concrete with paste volume of 20% and egage size #4 were performed
to analyze their porosity propertie®ne expanded shalaggregate was selected
based in the mediaoven-dry density of 20 individual aggregates. Aewbh 5 cm
side was saw cut from a cylinder for the scan.

Scans were performed in a Skyscanl1172 desktop +@i€rgystem, at UTHSCSA
Micro-CT Core Laboratory (Texas, USA). The samplese scanned in air with the
following settings: 60 kV, 133A, 1.0 mm aluminum filter, 0.7° rotation step, 360°
rotation, 6 frame averaging, 2240 x 2240 CCD an@0lfillisecond exposure. The
voxel size for expanded shale and pervious cononeie 10 um and 35um
respectively. Scan time for expanded shale andiqaesvconcrete was 1 hour and

1:45 hours respectively.
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6.3. Results and discussion

6.3.1. Porosity methods

Table 6-4 shows that the effective porosity of pmrg concretes increased for
vacuum saturation compared to water submerged guoeeof ASTM C1754
(ASTM, 2014a). The vacuum saturation method allsatirating more permeable
pores because the air is removed before the watess them. A significant amount
of pores are smaller than the voxel size and wetalatected. The expanded shale
presented open porosity and total porosity of 3a8d 10.5%, but the estimated
porosity was 53% (Paper 1). The absorption rathefscanned expanded shale was
12.7%, which is higher than the open porosity. Tapi pores within the expanded
shale (Figure 6-3) that connect the detected clpsedsity must be smaller than 10
um. The same results were presented for the pendonsrete. The total porosity
measured from the CT scan analysis was 17.7% auodted less than both effective

porosities.

Table 6-4: Porosity properties of pervious concrete

Mix Effective Effective Effective Internal
porosity porosity porosity porosity
ASTM1754, vacuum, oven- vacuum, SSD centrifuge
oven-dry (%) dry (%) (%) (%)
NW28%,#4 15% 20% 9% 10%
NW20%,#4 25% 31% 24% 7%
(NW+LW)25%,#4 23% 26% 11% 15%
LW28%,#4 21% 31% 15% 16%
LW20%,#4 36% 39% 20% 19%
LW28%,3/8" 25% 29% 11% 18%

LW20%,3/8" 34% 38% 21% 17%
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Table 6-5: Porosity results of pervious concretes

Closed Open Total porosity
Sample _ _
porosity (%) porosity (%) (%)
NW20%,#4 0.2% 17.6% 17.7%
Expanded shale 7.3% 3.4% 10.5%

Figure 6-3: Density distribution image of expandédle

Figure 6-4 presents the pore volume distributionegpanded clay and pervious
concrete with paste volume of 20% and aggregate#iz The expanded shale pores
are more refined than the pervious concrete pdites.median pore volume size for

expanded shale and pervious concrete correspahd4anm and 1.94 mm.
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Figure 6-5 shows that the total effective porosityDD condition increases with the
substitution of NWA for LWA. The increment is inaced by the higher porosity of
LWA. The internal porosity increased from 7-10% féWA to 16-19% for LWA
pervious concretes. Figure 6-5 also shows that dffective porosity at SSD
increased from 9-15% to 20-24% with the decremémement paste from 28% to
20%. The effective porosity at SSD condition isedtdr indicator of the permeable
pores formed within the concrete structure. It isrensuitable to represent the
hydraulic properties. These pores are a fractiotheftotal porosity that affects the
mechanical and thermal properties. The total ptrosi concretes could be
estimated if the total porosity of the paste, aggtes and non-connected pores
within the concrete are assessed.
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6.3.2. Mechanical and thermal properties

Figure 6-6 and Table 6-6 show that the replacermEMWA for LWA reduced the
compressive strength. The LWA aggregates presdngleer porosity than NWA.
From the mechanical standpoint, the pores in theAL&¥t as stress concentrators
under compressive strength and cause an earlierefan the pervious concrete. The
decrease of paste volume resulted in a higher aemreof the mechanical properties
than the replacement of NWA for LWA. With the dease of the paste volume,
there is an increment of porosity and a decrenrethie contact surface between the
aggregates, which increases the stress concentiatithe paste. The paste volume
influence in the mechanical properties was alsovipusly reported (Deo &
Neithalath, 2011).
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Figure 6-6: Compressive strength at 28 days andniddeconductivity at equilibrium
density

Figure 6-6 also shows that the increase of aggeegiaé in LWA pervious concrete
decreased the compressive strength. The decremasthigher for high paste
volume. This effect was previously reported for NWBeo & Neithalath, 2011).
They attributed the decrement in the compressirangth to the differences in the
internal pore structure caused by the aggregaés.sithe range of aggregate size is
larger for #4 (4.75-9.5 mm) than for 3/8” (9.5-1208m). This creates a more
homogeneous pore structures when using a smallgregate size (Deo &
Neithalath, 2010).
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Table 6-6: Density and mechanical properties ofipess concretes

Mix Peq pob f. 28 days E 28 days
(kg/n) (kg/in?)  (Mpa) (Gpa)
NW28%,#4 2186 2116 46.1 40
NW20%,#4 1925 1881 14.9 20
(NW+LW)25%,#4 1831 1760 323 23
LW28%,#4 1499 1411 29.2 20
LW20%,#4 1266 1215 7.8 12
LW28%,3/8" 1450 1369 14.0 14
LW20%,3/8" 1262 1207 6.5 13

Figure 6-6 shows that the reduction of paste voludeereased the thermal

conductivity for NWA pervious concretes in a 9%, f&WA with aggregate size #4

in 18% and for LWA with aggregate size 3/8” in 24%WA pervious concrete

presented a higher increment in the internal ptoro@% to 24%) than in the

effective porosity (OD) (20% to 31%). The intercented pores are less efficient for

the reduction of the thermal conductivity. As Figub-7 shows, the NWA and the

paste form continuous linear pathways through thevipus concrete structure for

the heat flow.
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Table 6-7: Thermal properties of pervious concrete®quilibrium and oven-dry

density
_ Equilibrium density Oven-dry density
M k (W/mK) o (mm?/s) c(/kgK) k(W/mK) a(mm?/s) c(/kgK)
NW28%,#4 1.45 0.58 1145 131 0.71 884
NW20%,#4 1.33 0.54 1276 1.07 0.51 1124
(NW+LW)25%,#4 0.86 0.43 1087 0.78 0.45 990
LW28%,#4 0.69 0.46 1016 0.60 0.47 910
LW20%,#4 0.53 0.46 924 0.53 0.41 957
LW28%,3/8" 0.66 0.42 1095 0.48 0.46 850
LW20%,3/8" 0.54 0.38 1135 0.45 0.35 1066

Figure 6-7: CT scan density distribution image arttiogonal cross sectional image
of NW20%, #4 pervious concrete

The replacement of NWA for LWA is more efficient wecrease the thermal
conductivity; the reduction ranged 50-52%. The L\M&sent a high porosity, which
reduces the thermal conductivity of the aggregatenpared to NWA. The
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replacement of NWA for LWA forces the heat flowdhgh the LWA. Figure 6-6
shows that the replacement of NWA for LWA and thexreéase in paste volume
decreased the thermal conductivity in a 63%.

Figure 6-8 presents the relationship between cosspre strength and thermal
conductivity of the pervious concrete and compatesith LWA concretes with
expanded clay and expanded shale as coarse agpe@dperl, Paper 2). The
internal porosity of expanded shale pervious cdecoecreases the compressive
strength and thermal conductivity when comparetthéoexpanded shale concrete.
Figure 6-8 show that the decrease of the pastenmluiggered a higher decrement
in the compressive strength than in the thermaduaotivity of NWA and LWA
pervious concretes. The replacement of NWA for LM¢Amore efficient than the
reduction of the paste volume in NWA pervious ceterand allowed a higher
reduction in thermal conductivity than the latf€his effect showed that the thermal
conductivity of pervious concretes is governed b theat flow through the
aggregates. The reduction of aggregate size isiegifi to increase the compressive

strength of concrete while maintaining a similagrthal conductivity.
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Figure 6-8: Compressive strength and thermal caindtycof pervious concretes and

LWA concretes

The pervious concrete with 50% of NWA and 50% of AVpresent a higher
reduction in the thermal conductivity than in thempressive strength when
compared to the decrease of the paste volume in NMAcretes. The partial
replacement of LWA decreases the thermal condugtid random distribution of
LWA and NWA limits linear pathways of paste and NWArcing the heat to flow
through LWA. Nevertheless, the full replacement VA for LWA allowed
decreasing the thermal conductivity more than tlaetigd replacement, while
obtaining a compressive strength of 29 MPa.

These results suggest that the balance betweeaothgressive strength and thermal
conductivity might be enhanced with the decreasthefaggregate size and a paste
with lower thermal conductivity. Literature showdat cement paste with
supplementary cementing materials decrease then&heronductivity (Demirboga,
2003a; Fu & Chung, 1997). This study does not alkssessing the relationship
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between the compressive strength and thermal ctimdycbut allows exploring the

effect in the range of paste volume examined.

6.4. Conclusions

This article presents an exploratory study of tfiecé of paste volume and the type
of aggregates (NWA, LWA) in the mechanical and e properties of pervious
concrete. A novel test for pervious concretes cir@rifuge method, was adapted and
developed to determine the effective and interrmaibgities of pervious concretes.
The main conclusions are listed as follows:

The reduction of paste volume presented a highenedeent in compressive strength
than the replacement of NWA for LWA. On the othemd, the replacement of
NWA for LWA presented a higher decrement in thermmahductivity than the
reduction of paste volume. This effect showed tiit thermal conductivity of
pervious concretes is governed by the heat floautin the aggregates.

Results from the centrifuge method confirm that ttecrease of paste volume
(increase of porosity) due a lower paste volumeegdes an increase of
interconnected pores, which is less efficient f@athtransfer and compressive
strength.

The increase of aggregate size in LWA pervious k&Rcpresented a higher
decrement of compressive strength for high pastéeot. The increase of aggregate
size generates a less homogeneous pore struchedh@&rmal conductivity varied in
less than 5%.

The replacement of NWA for LWA and the reductionagigregate size are efficient
to increase the compressive strength of concretke whaintaining a similar thermal

conductivity.
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CONCLUSIONS AND RECOMMENDATIONS

This research assessed the effect of the intertnattsre of concrete in their
mechanical and thermal properties. Chapter Fourluated the independent
intervention of three constituents: (i) Fly ash jFA the binder (ii) coarse
lightweight aggregate (LWA), and (iii) fine LWA. HE impact of the type of coarse
LWA (expanded shale, expanded clay, expanded pogrst) was evaluated with
two-phase models for compressive strength, elastiodulus and thermal
conductivity. These results were used to compareetficiency of the type of coarse
LWA in concretes.

The combined effect of coarse expanded clay, fiagaeded clay and fly ash was
evaluated in Chapter Five, in order to understamdl @sses their interaction in the
mechanical and thermal properties of concrete. pidresity properties of the coarse
and fine expanded clay were analyzed with micros€dn for assess their effect in
mechanical and thermal properties. Multiple lineagression models for thermal
conductivity and compressive strength were assassedaluate the impact of each
component.

Chapter Six presented an exploratory study of tleeteof paste volume and the type
of aggregates (NWA, LWA) in the mechanical and e properties of pervious
concrete. A novel test, the centrifuge method, weseloped for determine the
effective and internal porosities of pervious cetes.

FA presented a higher impact in the reduction ohpessive strength (56%) than
thermal conductivity (14%). The effect on thermahductivity is limited by the low
paste volume (34%) and the higher thermal condiigtnf the aggregates when
using normal weight aggregates. The changes tim&rgies FA in the microstructure
of the binder influence the mechanical and therpnaperties. The balance between
the CH to CSH transformation, pore size distributamnd anhydrate FA leads to a
decrease in thermal conductivity and to the optinnampressive strength to thermal

conductivity ratio.
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The three coarse LWA presented a higher impachénréduction of compressive
strength than the thermal conductivity of concré&epanded shale is more suitable
to a high strength LWA concrete but the thermaldeanivity of concrete is limited
to values higher than 0.9 W/mK. Expanded clay aqgheded polystyrene concretes
presented structural strength, with a lower thermoalductivity down to 0.74 W/mK.
Coarse expanded clay and expanded polystyrenenprasgmilar balance between
thermal conductivity and compressive strength. Bodéterials seem to be suitable to
obtain a structural concrete with low thermal cactolity.

The LWA porosity affects differently the mechani@ld thermal properties. The
pores of LWA are the weak locations for mechanpsfformance, where the stress
concentration initiates the failure of the concrd®erosity acts similarly for elastic
modulus concentrating deformations around it. Tlasetee modulus of concrete when
using LWA is better represented by a series congasodel. Contrarily, the heat
flux lines flow through the mortar (higher thern@@nductivity phase), avoiding the
pores of LWA. The thermal conductivity of concretsing LWA is better
represented by a parallel composite model. Thidagxp the relative low effect of
increasing the porosity of the aggregate in thentlaé conductivity of concrete. The
expanded polystyrene porosity (99%) does not helgleécrease significantly the
thermal conductivity because the heat flux linesidthe LWA. These results accept
the hypothesis 1, which stated that the increménightweight aggregates total
porosity does not increment the efficiency of th@mpressive strength, elastic
modulus and thermal resistance of lightweight agapes concretes.

The increase in LWA volume up to 50% for expandeales and expanded clay and
up to 30% for expanded polystyrene did not increthee thermal conductivity
efficiency because the thermal conductivity of tbeacrete is mostly governed by the
mortar matrix. The reduction of thermal conductivaf LWA is not as effective as
expected in reducing the thermal conductivity o #toncrete. The effect of the
replacement of expanded clay for expanded polyséyreith a thermal conductivity
of only 10% of the first, reduced the thermal cortduty of concrete in less than
15%, for 30% of LWA volume.
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The combined effect of coarse expanded clay, fupaeded clay and fly ash allows
achieving a 74% decrease in the thermal condugtiit equilibrium density of
concrete, up to 0.43 W/mK, with a compressive sgfierof 9.3 MPa. The fine
expanded clay allows for a larger reduction of ittedr conductivity with the lower
reduction in the compressive strength comparedotrse expanded clay. Fly ash
presents the smallest effect in both compressreagth and thermal conductivity.
The combination of constituents generates a highrtwosity effect in the thermal
conductivity with the reduction of thermal bridges#thin the concrete. The higher
decrease rate in thermal conductivity causes alesnw@ist in compressive strength.
In despite of the higher rate in compressive stfengduction, the use of FA allows
to achieve lower values of thermal conductivitydueing the heat flux through the
binder. These results accept hypothesis 2.

The porosity properties of expanded clay parti@dgplain the better compressive
strength and thermal conductivity performance ef fine expanded clay aggregate,
compared to coarse expanded clay. Based on the&ilresults, fine expanded clay
presented: (1) better pore spatial distributionthe concrete which explain the
thermal conductivity performance, (2) smaller maximpore size which explain the
compressive strength performance and (3) moree@fpores which also affects the
thermal conductivity performance. These resultepchypothesis 3.

For pervious concretes, the reduction of pasteraelpresented a higher decrement
in compressive strength than the replacement of N@&f/AWA. On the other hand,
the replacement of NWA for LWA presented a highacrément in thermal
conductivity than the reduction of paste volumeisTéffect showed that the thermal
conductivity of pervious concretes is governed bg theat flow through the

aggregates. These results accept hypothesis 4.

Results from the centrifuge method confirms that decrease of paste volume (or
increase of porosity) due a lower paste volume mg@es an increase of
interconnected pores, which is less efficient fa@athtransfer and compressive
strength. The increase of aggregate size in LWAvipes concrete presented a

higher decrement of compressive strength for higbte content. The increase of
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aggregate size generates a less homogeneous paeurgt The thermal
conductivity varied in less than 5%.

This study propose that the effect of FA in there@hductivity is caused by factors
not considered in previous studies. These factursh as the porosity, the pore size
distribution and the hydration products were notasuged. The effects of FA on
these factors were based on previous studies oméitm these effects. The obtained
results are also limited by the constant waterinoldr ratio; its variation affects the
porosity and pore size of the paste. It is recondedm study that measures these
factors and the mechanical and thermal propertiesrder to confirm their effect
with experimental results.

A pore size distribution of LWA was achieved from @GT scan analysis.
Nevertheless, the cost of the CT scan limited ® sample per LWA. The size of the
LWA also limited the maximum resolution and the miom pore size up to 10 pm.
The total porosity achieved in the CT scan indiedbat there are pores smaller than
10 um. It is recommended to analyze smaller pagiahdividually with a higher
amount of samples.

The effect of the LWA size in the mechanical andrmmal properties, which is
related with the porosity properties, is one of thest important results of this
research. This effect was widely known for mechanjroperties but it was not
previously associated with the porosity propertéd WA. Future research could

evaluate this effect with other LWA and proportions
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APPENDIX

APPENDIX A: IMAGES OF EXPERIMENTAL WORK

| ——

Figure A-7-1: Fine expanded clay (left) and coasganded clay (right)

Figure A-7-2: Mixing of lightweight aggregates coeie
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Figure A-7-3: Hot Disk TPS 1500 system

Figure A-7-4: Vacuum saturation method for perviooacretes
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Figure A-7-5: Compressive strength test for cylioalrspecimens
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APPENDIX B: EFFECT OF DRY CHAMBER IN COMPRESSIVE RENGTH

Figure A- shows that the decrease rate in moistargent was higher in the early
ages. The “dry chamber” curing conditions promotie water loss in the
lightweight concrete. All of the lightweight comtes presented the same behavior.
This water loss could generate drying shrinkage iaddces tensions on the paste
(Metha & Monteiro, 2014). The water loss of the @ aggregates might also
weaken the compressive strength at later agesgwifiseant portion of the pores
were empty at 120 days. When concrete is under msspe strength and the pores
are 100% saturated, the water, as an incompresBibte produce an opposite

pressure inside the pores that might increasedherete strength.
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Figure A-6: Effect of drying conditions on dens#igd moisture content for CFFA9

The water loss also affected the compressive stiayagn rate at later ages. The loss
of water also stops the hydration degree of theddsin which affected the
compressive strength gain rate. Previous studiesrted that the hydration of the
cement paste stops for an interior relative humi¢iR.H.) below 80% (Patel et al.,
1988). The decrease in the hydration process asegklto reduction of water activity
by the negative capillary pressure in the poresRdd. below 80% (Flatt et al.,
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2011). The water loss evidenced in Figure A- affected the pozzolanic reaction of
fly ash. The pozzolanic reaction depends of thedGhtent and water content (Oner
et al., 2005; A. Wang et al., 2004). The increalslyoash ratio also decreased the

cement content and the CH content produced byidsation.



