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ABSTRACT

The impacts of volume fraction of polypropyleneffifPF) on the bending behavior of lightweight feghtoncrete
(LFC) before and during exposing it to high tempera is experimentally studied. Five mixes of LFithv@00,
800, 1000, 1200 and 1400 kg/m3 densities were rradarrent investigation. Then, the effect of addiPF with
volume fraction of 0.1, 0.2, 0.3, 0.4, 0.45 and®.6&n the flexural strength and pore structure ofteaonsidered
density at ambient and elevated temperatures up0td C was examined. The outcomes demonstrated that an
increasing temperature had a detrimental influeeceLFC property especially in a temperature randge200 to
600 T degrees in which flexural resistance was redumgébout 15 to 60% due to the micro diffusion afiramb
water molecules, detachment of the C-S-H gel andw@akness in chemical bond structure of cemerte pasd
suppresses of the cohesive forces in the micropétesach predetermined temperature, LFC with higlensity
achieved higher bending resistance as it had smaltel more uniform voids compared to LFC with lowlensity
and higher loads were required to break it downdifsd PF by 0.1-0.4% of mix volume enabled LFC &stehigh
temperatures better than control plain concrete amel improvement percentage was directly correlatéti PF
content and LFC density. However, adding PF withume fraction more than 0.4% reduced the flexutedrggth
considerably. At ambient temperature, the largenteat of PF led to an increased amount of poresdncrete
structure and at elevated temperature a larger nemdf cracks were induced due to evaporation ofarfdyers
and replacement of them by air voids led to sigaiit reduction in flexural strength of LFC.

Keywords: Lightweight Foamed Concrete; Flexural Strength;vEled Temperature; Polypropylene Fiber; Pore
structure; Density; Fiber content; Void size

INTRODUCTION

Over the last decades, a closed cell structure knasvlight weight foamed concrete (LFC) has beerery
recognized material with its noticeable charactessparticularly in thermal insulation with a lothermal
conductivity between 0.10 W/mK to 0.66 W/mK [1] aadypical density of 400-1600 kg/m3 [2]. It consisf a
cement paste with at least 20% by volume homogenpote structure induced by entering air in thenfof small
bubbles [3, 4]. Most of the air voids in LFC aresatinnected[5], which curb the heat flow by restigthe
movement of air and provide a high thermal restatomposition[1,6]. Accordingly, foam concreteajgplicable

to structures where fire is a risk like firewall ][7and its behavior at high temperatures should
precisely be investigated.

Thus far, most of the research [8,9,10,11] on dwmtmion of high temperature exposed concrete arged out on
compressive strength characteristic as it is caemeiithe main property of concrete and also thsleestrength test
is difficult to perform. However, it has been digjuished that; at elevated temperature, tensiémgth of concrete
is a better parameter for damage and failure @it deteriorating and spalling behavior of comeris highly and
primarily influenced by tensile strength [12]. Stpspalling is caused by internal water pressuabatit 300°C and
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during dehydration of hydrated calcium silicate fagd which increases internal stresses and induceocnacks
[13], then the incorporation of fibers can relietles pressure and improve spalling resistance ndérete [14, 15].
According to Bilodeau et al [16] the most effectigpall-mitigation fiber which has been used so ifar
polypropylene fiber (PF). Theoretically PF has latreely high melting point of 160-17TC due to the presence of
atactic material and non-crystalline regions wipctvides resistance to softening at high tempeeat[k7, 18, 19].
Melting of PFs creates more exit lines for wateeszape the composite and leads to improvemetieirfiléxural
strength of concrete by reduction in the interrntaéss and explosive spalling. Liu et al [20] indéxh that the
melting of the PF increased the interconnectiopags leading to an increase in permeability. Higiegmeability
enhances concrete behavior exposed to high teruperatith lower possibility of spalling.

Beneficial incorporation of PF on LFC properties ahbient temperature also has been reported by some
researchers. Kearsely [21] noted that the use oérftfances the performance with respect to tensideflaxural
strength of LFC. Bing et al [22] examined the pmbies of high-strength foamed concrete and condutiat in
addition to tensile strength, PF greatly improvee tcompressive strength and drying shrinkage eggistof LFC.

Mao-hua Zhang and Hui Li [23] as well as Josefl§R4] reported that with the addition of PFs, foemation of
microcracks is prevented and the scale of micrdsrag reduced due to the crack-arresting effeetclkcthinning
effect and crack-bridging effect of PF. Similariyhied et al [25] affirm that tensile and flexuratesigth is
increased through bridging mechanism of PF. Iiss aoncluded that adding PF to concrete up tortaiceration
improves concrete propitiates and after that itced the bond strength between concrete ingrediemtsesults in
quick failure compared to less volume of fibers.

Some investigations have been conducted to estimateptimum dosage of PF which improves the flexura
strength and reduces or prevents spalling at legipérature. Ramamurthy et al [2] suggested chopjedof 12
mm length in the dosage range of 1-3 kg/m?3 to erddine shear behaviour of LFC equivalent to thatayfnal
concrete. At higher temperature also higher PFerdrihcreases the residual strength of concretaalirerease in
crack arresting ability by the presence of more. RiFthe experimental research of Cheon-Goo Haa [&6] it was
observed that the spalling did not occur in anyhef specimens when PF percentage was more thark@/dB
while the plain concrete mixes suffered severelisgatlamage. Guncheol Lee et al [27] observed fasearspalling

in specimen contain PF with a percent content b&ldv5% while specimens with contents of more ad86 of
PF could prevent spalling damage.

However, a certain PF content which effectivelyr@ases in LFC flexural strength due to restrairding bridging
the cracks at ambient temperature and reducticspalling by increasing the permeability at highemperatures
has not been verified yet. Nevertheless, this pajes to investigate the effect of different PFteots on flexural
strength of LFC at both ambient and elevated teatpezs. In the experimental part of this reseak¢tC with
densities of 600, 800, 1000, 1200 and 1400 kg/rd@imanufactured.

For each density, effect of adding PF by 0.1%, 0.2%%, 0.4%, 0.45% and 0.5% of mix volume and in a
temperature range of 20 to 60C on flexural strength and pore structure of LFQl We examined. Later,
experimental results of all series will be companétth each other and then will be compared withptzén LFC to
find an optimum value of PF content in which bemgdétrength of LFC has the highest percentage ofamgment.

MATERIALS AND METHODS

LFC were made of cement, water, filler and a ligaigemical diluted with water and aerated to form fiblaming
agent. The foaming agent was diluted with watehwitratio of 1:33 by volume. A constant cement-seai of
1:1.5 and water-cement ratio of 0.45 for all miwesse excogitated. All the applied materials in éxperiment were
Malaysian local productions. The type of the agpliement in all admixtures was Type | ordinary Rod Cement
CEML1 (Blue Lion trademark), which is available inlk form 50kg packs and complied with MS522 and BISE
196. The employed cement quality in this reseasdateimonstrated in table 1. Detailed propertiessprdifications
on each substance used in this experimental igatgin are presented at Table 2. LFC with 600, 8000, 1200
and 1400 kg/m3 densities were fabricated and te3ieel protein foaming agent used in the experimsrnown as
NORAITE PA-1 consists of additive agent and ex&dcdrom natural sources and befitting LFC densitawing
from 600 to 1600 kg/m3.

2838
Pelagia Research Library



Md Azree Othuman Mydin et al Adv. Appl. Sci. Res., 2012, 3(5):2837-2846

Table 1. Properties of Portland Cement CEM1

Iltem Clinker % Cement %
Oxide composition
SiO, 21.04 19.98
Al,O3 5.24 5.17
FeO; 341 3.27
CaO 63.31 63.17
MgO 0.85 0.79
SO 0.41 2.38
Total Alkalis 0.9 0.9
Insoluble residue 0 0.2
Modulus
Lime saturation factor 0.93 0.96
Silica modulus 2.39 2.37
Iron modulus 1.9 1.58
Mineral composition (%)
CsS 55.4 59.9
C.;S 18.53 12.71
C:A 8.59 8.18
C.,AF 10.36 9.94
Free CaO (lime) 1.9 0

2.1. Specimen preparation

A mixture of the liquid protein and water in a tamlas connected by a hose to the foam generator.fadra
generator type was Portafoam TM2 System, made Hgydi@n manufacturer as illustrated in Figure le Ttam
density output and flow rate were the results @& 8ystem operation. The flow test was performeemwhll the
materials were mixed well in a drum mixer. When thertar achieved the desired spread, the mortasityenas
measured. Then, according to the machine flow thterequired foam amount was calculated and atid#de mix.
The fiber was added to the mix after the flow tastl before the mortar density measurement. Prongfter
mixing, the concrete was placed in moulds in otdggrevent breaking down of the air bubbles befoveas set. At
about 24 hours after that, concrete moulds wer@vechand three specimens were considered for eaditd and
examined at the age of 28 days.

Table 2. Properties of additives used

Size 19mm length
Specific gravity 0.90 kg/dfn
Material 100% virgin polypropylene
E- modulus 3900 N/mfn

C-33%

Chemical composition H- 67%

T

Figure 1. Portafoam TM2 foam generator system.
2.2 Heating of specimens
Two types of furnaces were employed in order td temspecimens including low temperature eleétninace and
high temperature electric furnace with a maximurerapng temperature of 450 and 10@ respectively. During
the experiment, three samples were hold in eactabfier and temperature was kept within°€lover the test range.
Then, bending resistance test was carried outetepermined temperatures of 20, 100, 200, 300, 800, and
600°C. Flexural strength test of LFC specimens atQ@ere conducted at room temperature. The tempesatf
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100 to 400 degrees were applied at specimens irtdawperature furnace and other specimens were cheatéo

600 °C degrees in high temperature electric furnaceurgi@ was provided to show an electric furnace tedtkat
LFC specimens.

Figure 2. Heating of LFC specimens in an electriasfnace to predetermined temperatures

2.3 Three point bending test overview

Flexural testing was used to determine the benghnogerties of LFC while the specimen temperaturs ept
constant. Rectangular parallelepipeds of heigh2ghinm, width (w) 125 mm and length L (I) 350 mmrmeisions
were placed on two supports with 200mm length betwdtem and a load at the midpoint of the samplas w
initiated in the way that is presented in Figurar@l Figure 4. Maximum stress and strain were catledlon the
incremental load applied for the evaluation of begdtrength.

F/2 !
M=-Fx/2

Figure 4. Simply supported specimen subjected to@ncentrated load at mid span

2.4. Measurement of Void Size

Initiating a void size for each density is essdrtiiaanalyse the pore size effect on flexural gitbrof foamed
concrete. Similar techniques under the same enviemtial condition were used for all the specimenertsure the
results to be accurate. All specimens were vacuupreégnated with slow-setting paste. A diamond cuwttzs used
to slice two randomly chosen 100 mm cubes to olite@rspecimens of 45 x 45 mm size with a minimuitkiiess
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of 15 mm. The specimen face was cut vertically ediog to the mold direction. In order to preventrmaydration
reaction, the specimens were impregnated in acdtefuze drying at 105 °C. The dried and cooled speis were
vacuum saturated with slow-setting epoxy to certifg consistency of the air-pore walls during gofig. The

imbrued specimens were varnished as per ASTM C #te/specimens were dried at ambient temperaturg4o
hours after polishing and cleaning them. Finally,edfective size 40 x 40 mm was noticed for evatuabf void

size.

RESULTS AND DISCUSSION

i. Effect of temperature on flexural strength of foamed concrete

3.00

2.50

2.00

1.50

1.00
C.50

Flexural Strength (N/mm?)

0.00

400 &
Temperature (°c) 500

Figure 5. Flexural tensile strength of control LFCas a function of temperature

Flexural responses of control LFC before and afigosure to high temperature are given in Figurgcgording to

the experimental results, bending resistance ofd Wth densities ranges of 600-1400 kg/m? varieanfi0.28 to
2.85N/mm?2 at ambient temperature. In addition,fileural strength of all series reduced with theéasing of the
temperatures. At temperatures aboveé @0calcium oxide was formed due to the dehydradibcalcium hydroxide
Ca(OH)2. Then, the chemically bound water molecwlese scattered to the capillary pores and creidednitial
micro cracks. These microcracks were expanded aajabe un-hydrated cement particles and leaddocten in
bending strength of concrete as it is negativeljuémced by cracks. This reduction continued sloamyg LFC lost
15% of its strength until reaching the temperatafe200 °C degree. The effect was more conspicuous at
temperatures above 20 since the majority of the cracks and the largacks were induced at higher
temperatures.

At temperatures around 300 and #@degree, flexural strength was reduced by abowri?b35% as a result of
rapid decomposition of C-S-H gel and generationadfigh pore pressure in composite. Since LFC hé&sva
permeability, created pressure lead to the formatib harmful cracks around Ca(OH)2 crystals andydrdited
large cement grains as it cannot be revealed sirifly. Eventually, the micro diffusion of bound tea molecules,
along with detachment of the C-S-H gel and CH, disfies in chemical bond structure of cement pastt a
suppress the cohesive forces in the microporedeghtb reduction in strength by about 50% and 6@%08 and
600°C respectively. Much later in exposure to the highenperatures, the ultimate tensile strength otoete can
be reached and will cause the collapse of pieces6f

ii. Effect of fiber content on flexural strength of foamed concrete

The elevated temperature flexural strength of LE€iporating different PF content are presentdeignre 6. The
results indicated a reduction in flexural strength foth the plain LFC and PF reinforced LFC witlergmsing
temperature. However, addition of PF up to a certailue of 0.4% of mix volume enabled LFC to resigth
temperatures better compared to control plain eaat all applied temperatures. Adding 0.1, 0.2,ahd 0.4% of
mix volume PF to LFC with different densities imaange of 600-1400 kg/m3, improved bending strethgthbout 1-
14%, 3-20%, 5-22% and 7-26% respectively. Improv@npercentage was directly proportional to LFC dgris
such a way that; LFC with higher density had highgrovement percentage.
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Normally, microcracks are created in concrete ftbermal stresses, drying shrinkage, steam gengratid slipped
or splitting of the concrete. However, it is thelihnal formation of microcracks by the meltingtbe PFs which

acts alongside with these pores to facilitate thespge of water vapor through the concrete andoiepconcrete
protection level against explosive spalling.

Thus, the capability of fiber in spalling protectis owing to its ability in pores interconnectitimough melting
process at elevated temperatures. Evidently, aehighmber of fibers increase the possibility of parennections
in the network by producing a higher stress ande@mging the tendency of microcrack formation assailt of this
stress. However, in the case of PF, having a ngejioint of 160-170°C, permitted a spalling protection with
considering less fiber content as it was observéer @& certain level, flexural strength started giopg with
increasing PF content by 0.45 and 0.5% of mix vauny about 4-16% and 8-24% respectively. Declimatio
percentage was inversely proportional with LFC dgns/hich means LFC with higher density had lowleopping
percentage and vice versa. Evaporation of morediheelevated temperature and replacement of theair voids
created a larger number of cracks which cause@kheeinforced LFC to lose most of its ability tsist loads.
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Figure 6. The elevated temperature flexural strendt of LFC made by different compositions

iii. Effect of density on flexural strength of foamed concrete

Flexural strength of LFC with different densitiess Shown in Figure 7. It can be clearly seen that lflexural
strength is directly correlated to its density urtls a way that; flexural strength increases witliéasing the foamed
concrete density. By each 200 kg/m?3 addition insitgnthe flexural strength increased by 1.5 tines its value,
regardless to temperature. As density of LFC dee®athe value of air bubbles and the interconmeaif them
increases significantly. Therefore, water vaponpeEability increases and lead to reduction in LR€rgjth. In LFC
with higher density the cellular solid structuredi$ferent; cell walls are thicker and pore spaaes smaller and

isolated. With increasing the density air voids mansformed to solid structures, thus, more applaads are
required to fail the sample.

]
(=1
[=]

1.50

1.0C

0.50

Flexural Strength {N/mm?)

0.00

Figure 7. Flexural tensile strength of control LFCwith different densities
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iv. Effect of void size on flexural strength of foamed concrete

Generally, mechanical characteristic of a matésigifluenced by its micro-structural features. uoge structure is
one of the main micro structural properties affagtthe strength capability of concrete and it isognized by
porosity, mean radius and pore size distributioth@sncomposite. Figure 8 shows typical microscapiages of the
internal pore structure of plain LFC with densit&s500, 800, 1200 and 1400 kd/at the temperature of 2C. It
is appear that for lower densities there is anease in the number of larger voids while the veaids smaller and
more uniform in size in LFC with higher densities.

LFCs with lower densities have a larger volume iofvaids which results in higher porosities. In #nbh, the air
bubbles are close together just after casting hekfore have the high chance to be connectedésétting of the
cement around them. Induced large voids advergtdgtahe LFC flexural strength since this propesfyconcrete

is so sensitive to voids and cavities. As a resdimnpared to LFC with 800, 1200 and 1400 kg/m? itiess LFC
with 600 kg/m3 density has 14, 55 and 74 % higheid \size and 44, 86 and 92% lower flexural strength
respectively. In higher densities, the air voids aot near to each other in the paste and therdforeot have the
opportunity to make a network before paste is smirad them. Since strength is inversely correlatéd the mean
distribution radius, reduction in void size incredke strength of composite and when the numbesmafler voids
are dominant, strengths is increased due to theggraumber of hydrated phases.

From Figure 9 which illustrates the microstructimage of LFC with 800 kg/fidensity incorporating 0.2 and 0.4%
PF, it is clearly seen that adding PF increased volume in concrete. The effect of PF addition acamcrete
properties enhance with fiber content, unless tberfcontent is so high that the air void conteetdmes
exceedingly high. Larger the content of PF leath&ocoarser the pore structure of concrete andrltveedurability.
The addition of PF is detrimental to concrete impeability as the permeability of concrete contagni?fF enhances
due to increase the void content in concrete aadatk of cohesiveness of cement matrix and pogpedsion of
PFs. Improvement in dispersion and proper inteafamihesion of PFs in cement mix causes a marlctiedun the
permeabiliy of PF reinforced LFC.

(c) 800 kg/n? density with 0.64mm void size (d) 600 ky® density with 0.73mm void size

Figure 8: Void sizes for different densities of ligtweight foam concrete
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Y

(a) 0.20% fiber (a) 0.40% fiber

Figure 9. Addition of fiber which results in production of pore and cavities that surround area of fiter for 800 kg/n? density
CONCLUSION

The bending behavior of high temperature exposed id€orporating different PF percentages in ranigé.b to
0.5% of mix volume was investigated. Flexural sgtbntest was conducted on LFC with density rangéQff to
1400. Then, the effects of temperature, densitycétitent and pore structure on the properties & cbBntaining
PF were investigated. The following conclusionsanavn from this study:

1.At ambient temperature, bending resistance of LW{fls densities ranges of 600-1400 kg/m?3 varied f@28 to
2.85N/mmz2. At temperatures above®dD, initial micro cracks were induced due to delgidn of Ca(OH)2 and
LFC lost 15% of its strength at 20Q. At temperatures of 300 and 490 degree, flexural strength was reduced by
about 25 and 35% as a result of rapid decompositi@+S-H gel and creation of a high pore presgummposite.
Increasing the temperature weaken the chemical bbndture and suppress the cohesive forces imtbepores
and reduced the strength by about 50% and 60%0aal®@ 600C respectively.

2.Addition of PF up to 0.4% improved LFC bending sésince. Adding PF with volume fraction of 0.1, @A and
0.4% to LFC with densities range of 600-1400 kg/mjroved bending strength by about 1-14%, 3-209%2%
and 7-26% respectively. LFC with higher density Hagher improvement percentage. The flexural stieng
decreased about 4-16% and 8-24% with adding PF wathme fraction of 0.45 and 0.5% as more fibersewe
evaporated and replaced with air voids and a largerber of cracks were induced in LFC at elevadeaperature.
3.Flexural strength increases with increasing thenfed concrete density. By each 200 kg/m? additiodensity,
the flexural strength increased by 1.5 to 2 timewvalue, regardless to temperature. With incrgasie density air
voids are transformed to solid structures, thusenapplied loads are required to fail the sample.

4.There is an increase in the number of larger viadd FC with low densities while the voids are shaaland
more uniform in size in LFC with higher densiti®eduction in void size increases the strength ofpmsite due to
the greater number of hydrated phases. Howeveikeuhigh density LFC, in LFCs with lower densitigee air
bubbles are close together after casting and carobeected to make larger voids and adversely taffec LFC
strength.

5.Larger the content of PF lead to the coarser thie ptvucture of concrete and increase LFC permigadile to
increase the void content in concrete and the ¢hckohesiveness of cement matrix and poor dispeisidFs.
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