IJRET: International Journal of Research in Engineering and Technology el SSN: 2319-1163 | pl SSN: 2321-7308

STUDY OF MECHANICAL PROPERTIES OF CONCRETE AT
ELEVATED TEMPERATURES- A REVIEW

Balakrishnaiah.D?, Balaji.K.V.G.D? Srinivasa Rao.P?

Senior Lecturer in Civil Engineering, Government Model Residential Polytechnic, Srisailam, A.P, India
2Professor of Civil Engineering, GITAM Institute of Technology, Visakhapatnam, A.P, India
3professor of Civil Engineering, J.N.T. U College of Engineering, Kukatpally, Hyderabad, A.P, India
dbkcdp@gmail.com, balaji @gitam.edu, srinivasa.pt@gmail.com

Abstract
Concrete, the second highest consumed material after water in the world, plays a vital role in the construction field because of the
versatility in its use. Developments during the last two decades have shown a marked increase in the number of structures involving
the long time heating of concrete.

In recognition of its importance, many researchers have attempted to investigate the effect of elevated temperature on mechanical
properties of concrete. These researchers, during their investigation, used materials with varying combination and different
experimental conditions. These materials include cement, different percentages of admixtures like fly ash, silica fume, metakaolin,
finely grounded pumice(FGP), group granulated blast furnace slag(GGBS), polypropylene fibre(PP fibre), palm oil fuel ash(POFA),
Portland pozzolana cement(PPC), rice husk ash(RHA), different fine and coarse aggregates, super plasticisers, retarders and the
conditions included a temperature range of 28°C to 1200°C . The other conditions that were varied are the shapes and sizes of test
specimens, curing methods, curing conditions and test methods. The analysis of these investigations and their results are reviewed and

presented in this paper.
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1. INTRODUCTION

The extensive use of concrete as a structural rabfer the

high-rise buildings, nuclear reactors, pressureselgs storage
tanks for hot crude oil & hot water and coal ga&sifion &

liquefaction vessels increases the risk of condreteg exposed
to elevated temperatures. Concrete is most saitablresist
high temperatures because of its low thermal camndtycand

high specific gravity (Arioz.o, 2007)[1]. The mecieal

properties like strength, modulus of elasticityloco etc., are
affected by the high temperatures exposure. HgffioFmance
Concrete (HPC) made with the partial replacemermeaient by
additives such as fly ash, silica fume, metakaofingly

grounded pumice(FGP), group granulated blast
slag(GGBS), polypropylene fibre(PP fibre), palm dilel
ash(POFA), Portland pozzolana cement(PPC),
ash(RHA) provides higher fire resistance. Thesecins play
very important role in the present day durable oetec
construction utilizing the mineral and chemical atores with

low water cement ratio and high strength aggreg@estz.D.P.
et al., 1991)[2]. The researchers focused on the afsHPC
subjected to elevated temperatures to know theirrésistance.
It was investigated that the loss in structuralligpaf concrete
due to a rise of temperature is influenced bydiggradation
through changes induced in basic processes of ¢ddmgdration

furnac

ricek hus

and hardening of the binding system in the cemexstep of
concrete ( Con. X et al, 1995 and Escalante — @adkrtiet
al.,1998)[3,4].Similarly many researchers worked \@arious
materials and combinations of materials that casistrethe
changes in the mechanical properties of concreteenwh
subjected to high rise in temperatures.

The present review presents information of suclestigations
that provide insight into the effect of elevatethperatures on
the mechanical properties of various High Perforoean
Concretes made by adding different admixtures. & dbbives
the experimental conditions and parameters usedabypus
investigators.

2. EXPERIMENTAL INVESTIGATIONS

The effect of elevated temperature on mechanicggities and
microstructure of silica flour concrete was invgated and
studied (Morsy. M.S. et al 2010)[5] using ordind@grtland
cement (OPC) and silica flour (SF) in percentagayixg from
0,5 to 20% with water/binder ratio of 0.5. Afte8 2lays of
curing, the specimens were exposed to 1000C toB00bhe
specimens were allowed to cool naturally to roomgerature,
and tested for compressive strength and indirestlestrength.
The investigation also included the phase decoriposstudy
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using differential scanning calorimeter (DSC) as@yand
identification of the changes in the microstructusé the
specimens using the scanning electron micros(opi).

The above investigation reported that the exclusibwater at
1000C has resulted in a reduction of residual cesgve
strength. Between 100 and 4000C, it was reportat gHica
flour concrete unlike control concrete resultediniarease in
compressive strength due to hydrothermal intesactf the
silica flour particles liberating free lime. Furthecrease in
temperature beyond 4000C, the compressive straridtiended
concrete has decreased.

The indirect tensile strength of concrete with orBPC

decreased with increase in the exposed temperathereas the
replacement of OPC by 20% silica flour in concretgulted in a
stable tensile strength up to 4000C followed by sltiecrease.
The decrease in the indirect tensile strength fl2Z000C to

8000C was due to the formation of micro crackswéis also
suggested that the exclusion of free water andifraof water

of hydration of concrete due to high temperatuessiited in the
reduction in tensile strength. Dehydration of cetercauses
decreases in its strength, elastic modulus, caefficof thermal

expansion and thermal conductivity.

Salient Featuresof Test

Silica flour concrete exposed to elevated tempegatdrom
1000C to 8000C caused dehydration of concrete wieshlted
in decrease in compressive strength and the decheasdirect
tensile strength is due to formation of micro csacwith the
result of decomposition of the hydration produdt8@0oC.

Studies were conducted on the effect of high teatpee on the
residual performance of Portland cement concrefsr(dro

Telentino et al 2002)[6] using Normal Strength Gete (NSC)
and High Strength Concrete (HSC) and the test spw were
cast using the coarse aggregate, river sand dmthaggregate
and sulfonated melamine super plasticiser as watguncing

admixture. Specimens were exposed up to 6000C foow2s

and tested. The uni-axial test for compressive ngtte

ultrasonic pulse velocity measurements for modafusasticity

and mercury intrusion posometry tests and nitrogerption

tests were conducted on samples.

The increase in temperature, though resulted imifgignt
reduction in compressive strength was mere proringnon
HSC than NSC. At 6000C, the reduction in compressiv
strength of NSC was 58% while that in HSC was 69%te
reduction in modulus of elasticity in NSC was 49%ile that in
HSC was 59% due to the structure of concrete toamsd
coarser in both cases.

Salient Featuresof Test

The reduction in compressive strength and modulgasticity
at 6000C is due to micro structural damage of cetecwith

increasing temperature. The temperature influenoe tle
strength of HSC is higher than NSC because of #maent
matrix in HSC must carry higher loads than in NSC.

The effect of elevated temperature exposure on irtgeat
characteristics, spalling and residual properties high
performance concrete (HPC) was experimentally itgated
(Phan L.T. at el 2001)[7] on test specimens usiieg Type |
Portland cement, crushed limestone aggregate, alasand,
silica fume in the form of a slurry with a conaextion of 54%
(by mass)and a high range water reducing admixXtdRAWVRA)
based on a sulponated naphthalene.

The effects of three different w/c ratios (0.22 @ckb7) on
compressive strength and the inclusion of silicad0 - 10% as
cement replacements on residual properties andlirgpal
characteristics of HPC at elevated temperature \@ragnined.
All the specimens were heated from 100 to 4500Ce Th
experimental investigation observed that the presef silica
fume in HPC mixture with w/c of 0.33 or less incsea the
potential for explosive spalling of concrete heatedtarget
temperatures of 300 and 4000C. Evidence of a mestictive
heat - induced mass loss process experienced bgxifleded
specimens, coupled with the sudden, drastic digiaton of
the test specimens in to small fragments due terriat pore
pressure build up is the primary cause for theasipé spalling
mechanism. HPC with higher original compressiversith, or
lower w/cm ratio, sustained lower strength loss twéigher
temperature exposure than those with lower original
compressive strength. It was also concluded thmegt presence
of silica fume appears to result in lower strengghs and
dynamic modulus of elasticity up to the temperatfre000C.
More than 50% decrease in modulus of elasticitys olaserved
between room temperature (230C) and 3000C andatieeof
decrease is reduced between 3000C to 4500C. Futtheas
concluded that the exposure to 4500C caused tonhose than
70 percentage of their initial modulus of elasticit

Salient Features of Test

Explosive spalling of specimens containing silicané is due
to the internal pressure developed and the buitdfuppermally

induced strain energy was also at maximum and tmégbt be

a role of thermal stress in the failure. HPC mixtunghich

experienced explosive spalling had a more restaqbrocess of
capillary pore and capillary bound water loss thawse which
did not experience spalling.

The presence of silica fume appears to result\wetostrength
loss and dynamic modulus of elasticity up to thegerature of
2000C. The experimental investigation on the eftédtansient
high temperature as heavy weight high strength ret@cvas
carried out (Mahdy. M et al 2002)[8] using Pamndl cement,
magnetite as both coarse aggregate and in somes nageine
aggregate, Silica fume slurry as mineral admixamé chemical
admixture SP6 liquid super plasticizers (SPB) with/C ratio
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of 0.5. Compression tests were carried out on speEts for
three exposure durations of 0, 1hr and 2hrs withperatures of
100 to 7000C and the specimens were left to coalriat room
temperature.

It was reported that the compressive strength tf bormal and
high strength concrete at 1000C decreased compardtie

room temperature and with the further increaseemperature,
the strength of 10 to 30 % above the room tempegatinength
and at temperatures of 500 and 7000C, the strémgt&ich case
dropped sharply. Silica fume concrete with mageetis fine
aggregate gave a residual compressive strength2®26-higher
than HSC without SF when cooled immediately follogyi
attainment of the required temperature, 15 — 23§hdni after 1
hr. exposure and 2 -10% after 2 hr. exposure. Tioa $ume,

with magnetite as a fine aggregate, enhanced tbiludd

compressive strength of the concrete as high dfnecmncrete
than with sand as fine aggregate. There is no teffecoarse
aggregate content on residual compressive streraftér

exposure to high temperature.

Salient Featuresof Test

The silica fume concrete with magnetite as finereggte gives
higher percent of compressive strength than the&tSE€ without
silica fume when compared to concrete with sandl @sefine
aggregate. This is due to the fact that cementepagh sand
shrinks, as absorbed and hydration of water isedriout more
than that with magnetite paste, while the aggregadgands
resulting in loss of bond.

The effect of temperature on structure quality igfhhstrength
concrete with silica fume was experimentally stddigvan
Janotka et al 2003)[9] using OPC, silica fume, sygpasticiser
and sand. The concrete specimens with w/c rati0.82 were
cast and cured for 28 days. All the specimens wséveed at
temperature of 400C, 600C, 1000C and 2000C aftengu
Reference concrete proportion was studied curiregvret air.
Concrete specimens were tested for weight andhettuyinges,
dynamic modulus of elasticity, compressive streragttl impact
strength. In addition, stress - strain curve of twncrete
specimens in compression exposed to temperaturd9Q0aC
and 2000C was also determined. The relations betvike
compressive stress, Poisson’s ratio and volumermhafions
were also evaluated.

It was inferred that the strength, elasticity maduland
deformation of concrete are irreversibly influencday
temperature elevation mainly to 1000C and 2000@. détisive
changes leading in the final effect to the struatdeterioration
are taking place immediately after the temperateieyation
(the observed time - limited loss in weight andsttity
modulus, and expansion increase). Concrete extibie
pronounced “Softening” through the formed pore irRaénd
compressive strength are influenced at individeahgerature
levels only negligibly. Also the effect of pore wstture

coarsening at the end of recovering periods aft@oC and
2000C exposures very evidently resulted in sigaiftcconcrete
and cement paste strength decrease. Rapid cooliteg a
temperature elevations evokes equal and irreverstilcture
quality deterioration of concrete and cement paste "self
curing" of concrete and cement paste after shod kmg
recovering at 200C does not attribute to the stimattintegrity
improvement. Concrete and cement paste is pertisten
deteriorated, and the impossibility to acquire itherigin
physical state before temperature attack is obderve

Salient Features of Test

The sudden temperature elevations contributed uiek gelease
of bound water from hydrated cement paste and datise
expansion of concrete specimens. Also the strudtbegrity of
the specimens is deteriorated which is confirmedldss in
weight of the specimens due to elevated temperafline
immediate cooling of the specimens after expostiré08oC
and 2000C caused the extreme shrinkage and stalcuality
connected with the crack propagation and loss ichaweical
properties like strength.

The flexural strength of fly ash concrete undervaied
temperatures was investigated (Potha Raju. M &084)[10]
using OPC, fine sand and coarse aggregate witld%,, 20%
and 30% fly ash and M28, M33 and M35 mixes with @/65,
0.50 and 0.45 respectively and cured for 28 daysxural
strength tests were conducted on specimens exptsintree
different temperatures of 1000C, 2000C, 2500C iditamh to
room temperature (280C) exposing the specimensr,t@ths
and 3hrs.

The above investigations reported that the fly ashcrete
showed consistently the same behavioral patterthas of

concrete without fly ash under elevated temperatwp to

2500C under flexure. The flexural strength of botincretes
decreased with increase in temperature. Concretbs2@% fly

ash replacement showed better performance thamdherete
without fly ash, by retaining more of its strengiiihe maximum
losses recorded in all mixes without fly ash weréhie range of
10-39.4%; in all mixes with 10% fly ash, they wdre31.7%. It
was also inferred that the exposure time has afisignt effect

on the residual flexural strength of cement, ask Hoks of

strength occurs within the first 1hr of exposuraihmixes and
the loss of residual flexural strength in the fitbtr of exposure
range from 10% to 36% with no fly ash, from 4% &2 with

10% fly ash, and from 6% to 32% with 20% fly asbmpared
to unheated concrete with no fly ash.

Salient Features of Test

The better performance of fly ash concrete coulddbe to
pozzolanic action of fly ash and reduced loss ofstee in fly
ash concrete. The increase in compressive stramighfly ash
concrete at elevated temperature is due to theagiéaction in
the fly ash with free lime in the concrete, whistresponsible
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for formation of C-H-S gel and The exposure times ha
significant effect on the residual flexural stréngf concrete, as
bulk loss of strength occurs within the first 1dfiexposure.

The effect of elevated temperature on the conaetepressive
strength was investigated (Bishr H.A.M. 2008)[1&jng OPC,
basalt aggregate, local sand, silica fume of 05% Xeplacing
cement. The specimens were cast and cured foryBidavater
and exposed to 20 to 9000C. All the specimens tested for
their residual compressive strength.

The above investigation reported that the compressirength
of concrete with or without silica fume decreasegthw
increasing temperature, the peak value in the rafiothe

compressive strength at high temperature to thaanabient

temperature was observed around 3000C which caulille to
the evaporation of free water inside the concréteo it was

inferred that for all mixes, the compressive ggtbrwas found
to increase after four hours of exposure to an abéml
temperature up to 3000C. Further reduction in cesgve

strength was observed after exposure to 7000C raurddsing
the temperature up to 9000C caused serious detgoiorwhere
the decreasing ratio in the compressive strengtbhed to 81%
of the unheated strength.

Salient Featuresof Test

Silica fume concrete is more sensitive to high terafures than
blended cement concrete where the poor performahséica
fume concrete, exposed to elevated temperature a@upto
plain concrete can be attributed to the effectagfour pressure
built-up inside the concrete causing expansion eratking
because of the highly dense concrete. It loserttegiity above
5000C. the increase in Compressive strength atQ@aue to
internal autoclaving formed in cement paste. Thaekpalue of
the strength was around 4000C and spalling notveiia low
w/c ratio.

The mechanical properties of high — strength cetecr
subjected to high temperature by stressed test
experimentally investigated (Gyer - Yong KIM et2009)[12]

using OPC, sea sand as fine aggregate, crushedtegran greater

aggregate as coarse aggregate, fly ash, silica fmesuper
plasticiser. The specimens of high strength coraréth normal
strength of 40, 60 and 80 MPa were cast with w/bf%46, 32
and 25 and the specimens were cured for 28 dayseatet for
compressive strength after subjecting to tempesatanging
from 1000C to 7000C at 1000C.

In the above investigations it was observed thagrwexposed
to 1000C, the high strength concrete showed adb&29)% of
compressive strength and as the strength of canoreteased,
the loss of strength, exposure to high temperataisp
increased. After an initial loss of strength, thghhstrength
concrete recovered its strength between 2000C @b(

reaching a maximum value of 8% -13 % above the room

temperature strength. As the strength of concreteeased, the
recovery point of strength from exposure to higmpgerature
also increased.

The high strength concrete loses a significant amad its
compressive strength above 4000C and attains regsitréoss of
about 55% at 7000C. The change of strength in tesye
range of 1000C - 4000C is marginal. The elastic uhalof the
high strength concrete decreased by 10%-20% Whpasixg
in the temperature range of 100-3000C. At 7000, dlastic
modulus was only 45% - 50% of the value at roompterature.

Salient Features of Test

The strength reduction in concrete, at elevatecpoezature, is
due to the dehydration of the cement paste whicults in
gradual disintegration of concrete. The paste &hriand
expands at high temperatures and the bond betwken t
aggregate and the paste is weakened, thus redin@mgjrength

of the concrete. The elastic modulus decreased iwitfeased
temperature as the dehydration progressed and thel b
between materials was gradually lost.

The residual Compressive Strength of Laterized @xiac
Subjected to Elevated Temperatures was investigételik F.
Udoeyo et al 2010) [13] using OPC, two types ofefin
aggregates, namely sand and laterite crushed gramik as
coarse aggregate preparing six concrete mixtuneairong O to
50% replacement levels of sand by laterite with kat@ of 0.5
and cast and cured in water for 28 days. Specnvegre
subjected to heat pretreatment for 1lhr for a marimu
temperature of 7000C. Nine specimens were coolédraiby,
another set of nine rapidly by immersion in wated ahree
control specimens at room temperatures were tdstetheir
compressive strength.

The investigations inferred that the compressivensgth of
LATCON decreased in a similar manner to that ofirpla
concrete when subjected to elevated temperatutesebe 200

wasnd 600°C. Deterioration in strength for both typégoncrete

was severe at 600°C. However, plain concrete magdaa
proportion of its relative residual stréngthan
LATCON. The results indicate that the cooling regiralso
significantly influenced the residual compressiveersgth of
LATCON. LATCON specimens cooled naturally after hea
pretreatment maintained relatively higher residsalength
values than those cooled rapidly by the immersiomwater. It
was also suggested to investigate for other lessnfhh
alternative methods of rapid cooling, as the rapabling
adapted in their study led to severe loss in stteng

Salient Featuresof Test

The workability of concrete increases with lategtntent and
the water absorption decreased with increase @rmit@atcontent
duo to the presence of clay fines. The residual pressive
strength of plain and laterite concrete exposedntweased
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temperatures, decreased for both the water - comtedair -
cooled regimes. The type of cooling regime hasarice on the
decrease in the compressive strength. The effediatefite
content has greater bearing on the compressivegstreof
concrete and is due to possible thermal dilationthé concrete
resulted in large internal stresses and, ultimately to internal
micro cracking and fracture. Dense pore structlireACTON
with greater laterite clay fines could increase orapressure
upon heating, resulting in increased cracking ati®e losses
in compressive strength.

The effect of elevated temperature on the mechbpioperties
of concrete produced with finely ground pumice aitida fume
was studied (Bahar Demirel et al 2010)[14] addkg§TM

typel Portland cement, 10% silica fume by weighterhent by
substituting cement with finely grounded pumice EGat
proportion of 5% to 20% by weight, aggregates cosing of

physical state of the concrete samples deterioraggdly
beyond 4000C. SEM investigations conducted on peeimens
confirmed the deformation of well-developed Ca(Oldjgstals
and the C-S-H gel at temperatures beyond 6000C.

The effect of high temperatures on concrete conses
strength, tensile strength and deformation moduluas
investigated (De Souza A. A. A. et al 2010)[15]sing a
proportion of 1:3:3 (cement, sand, stonel) andaaier/cement
ratio 0.6, cast the specimens and cured for 3 Insonthe
specimens were exposed to a temperature of 30@B©HBand
9000C for 2 hours. At the end of 2hours, 6 texlids were
rapidly cooled by immersing them in running waterd aare
tested for compression and tension, and resulte wempared
with those of unheated concrete. The remainingest thodies
were slowly cooled and the remaining to room terapee;
they were tested for the compressive strengthh®fémaining

65% sand and 35% gravel. Specimens (100x100x100)mm348 test bodies, 24 were immersed in water and 2é weapped

were cast and cured in lime saturation water fordags and
exposed to 400, 600 and 8000C. The specimens estexdtfor

compressive strength and the porosity, ultrasonisepvelocity;

sorptivity and the microstructure analysis of tbe@gmens were
performed using scanning electron microscope (SEM).

It was inferred that the unit weight of the conerefecreased
due to the fact that certain proportions of minexdmixtures

like FGP and SF with low specific gravity. Greasenounts of
FGP not only resulted in a decrease in compressreagth and
ultrasonic pulse velocity values of the concretediso led to an
increase in the porosity and sorptivity values. sThesult

occurred because in the concrete with FGP, a greadection

occurs in the proportion of cement as the FGP coimbereases.
The pozzolanic reaction in pozzolan/cement is knoten
become dominant at ages after 28days; therefoee2&hday
observation in this study may not be sufficientaioserve a
pozzolanic effect of the FGP.

Salient Featuresof Test

The highest weight loss occurred in specimens wWEP plus
SF that were subjected to 8000C.The reduction
compressive strength of concrete was significatahger for
samples exposed to temperatures higher than 600o€rresult
is due to the lost water caused by crystallizatesulting in a
reduction of the Ca(OH)2 content, in addition te tthanges in
the morphology and the formation of micro cracksheT
decomposition of Ca(OH)2 and C-S-H gels, especiaty
8000C, resulted in the total deterioration of ceter This study
demonstrates that the critical temperature for Eec
specimens containing FGP or FGP and SF is 600o&usecll
the hydrated phases including C-S-H and Ca(OH)2amul to
have amorphous structures at this temperatureaitispé their
characteristic crystal structures. the decompasitibCa(OH)2
and C-S-H gels, especially at 8000C, resulted ia tbtal
deterioration of concrete. The drastic reductionultrasonic
pulse velocity values between 400 and 8000C indic#iat the

iB th

up in plastic film and all the 48 test bodies wested for their
mechanical properties on 7th, 28th 56th and 112ts.dTest
bodies wrapped up in plastic film provided as as®ent of
rehydrating concrete after they were subjected igh h
temperature.

It was observed that the concrete, when submitted t

temperatures close to 900°C, its mechanical priegerither to
tension or compression, can reach values closestto. Z'he

longitudinal deformation modulus values were reductose to

zero for the temperatures lower than 9000C.It wss aferred

that the Rehydration after heating can contriboterécovering

a significant portion of a concrete initial mectaati strength,
either to compression, tension or deformation maslul
Recovery is also inversely proportional to the terapure, the
concrete was subjected. The cement recovered D% of

their initial mechanical strength even when thé¢ beglies were
subjected to 9000C. Also the recovery of mecharpoaperties

after rehydration was also relatively fast.

Salient Features of Test

The significant decrease in compressive strengtltanfcrete
was due to the loss of free water and the watetragoed in the
gel, thus causing a high level of surface crackinggregates
expansion caused the internal stresses resultimgdinction of
compressive strength. The immersion of specimensvater

rehydrated and recovered the part of initial stiengnd the
recovery is between 40% to 90%during 112 days. t@rdass

of tensile strength was due to the micro crackihgancrete.

The recovery of 50% to 90% tensile strength was thue
rehydration was also observed. The deformation husdbas
got reduced from 20% to 0% at temperatures fromoG0@M

9000C and 80%of deformation modulus was recovefed

temperature below 6000C on rehydration.

The effect of elevated temperature on the properieHigh-
Strength Concrete containing cement supplementaxenals

Volume: 02 Issue: 08 | Aug-2013, Available @ http://www.ijret.org

321




|JRET: International Journal of Research in Engineering and Technology

el SSN: 2319-1163 | pl SSN: 2321-7308

was experimentally investigated (Sri Ravindraraj&h. et al
2002)[16] using 0.30 water- binder ratio and fanixes of
concretes, one is general purpose, second mix By Blast
furnace slag concrete replacing the cement, thirg by
replacement with low calcium fly ash and the faumix by
replacement with 40kg/m3 of condensed silica fuidemixes
were prepared by using crushed basalt as coarsegadg, river
sand and super plasticiser for all concrete migtuf@oncrete
specimens were cast cured for 28 days in waterspdicimens
were subjected to high temperature exposure rangiogn
2000C to 10000C for 7 hours and then quenched terw@he
specimens were tested for compressive strengthsiléen
strength, flexural strength, dynamic modulus ofsetity and
heating effect on colour of concrete.

It was inferred that the High-strength concretelependent of
the binder material type used, experience weigbs land the
relationship between the weight loss and maximumptrature
was non-linear and the compressive and tensilengtins
showed noticeable losses (above 15%) even at thpetature
of 2000C; and it was observed that the elastic ulusdwas
dropped marginally by about 5%.

It was also reported that the concrete with sificme suffered
the most; under increased exposure temperaturewbelo
8000C.High-strength concrete has shown 90% dropitsn
strengths once exposed to 10000C irrespective eftype of
binder materials used. Modulus of elasticity of Hgirength
concrete was less sensitive to the maximum temyperdahan
either compressive or tensile strengths and ttrasanic pulse
velocity measurement can be used to estimate thpeeature-
related damage in concrete. Concrete subjectedleated
temperatures suffered noticeable colour changes.

Salient Featuresof Test

The elevated temperatures on concrete specimensedau
noticeable decrease in compressive, tensile, fldxarodulus of
elasticity, pulse velocity and colour changes dwe the
evaporation of water from large capillaries and psrable
water from gel pores and small capillary pores \gitibstantial
shrinkage of concrete. Calcareous aggregates dhs$sdchby
releasing carbon dioxide at temperature over 80G@&nent
paste lose its cementing property and thus signifly reducing
the hardened concrete properties. Irrespectivénale type, the
concrete strengths, modulus of elasticity, and guislocity
decreased at elevated temperatures. The loss s palocity is
due to the combination of effects of drying, inedroracking as
well as to the changes in the micro structure ef plaste on
heating.

The effect of cooling method on residual compressitrength
of high strength concrete cured for 28 days and d&@ and
heated to elevated temperature was investigate@rtonstrate
(Balendran. R.V. et al 2001) [17]using OPC, coagsanite
aggregate, river sand, silica fume along with sygpasticisers

and retarders in the casting of test specimenseeTtiail mixes
were conducted for each grade to obtain respedtwvget
strength 60MPa, 90MPa, 110MPa and 130 MPa. The test
specimens were cured in water for two curing ageda&/s and
180 days and the specimens were exposed for 4hrs t
temperatures of 2000C and 4000C. The concrete rapesi
were cooled down in two ways, after heating, skovd quick
cooling by placing in water. The specimen wereegdbr its
compressive strength.

It was observed that the cooling method has arctefia the
residual compressive strength of HSC and quickiogataused
more drop in residual strength than slow coolind #reir drop
is more pronounced at 4000C. The HSC cured fordoperiod
(180 days) exhibited more loss in compressive gtreminder
both cooling methods, with quick cooling impedihg tstrength
more than slow cooling. The concrete would suffeseaver
damage if it has been cured for 180 days or mork got
exposed to a temperature of above 4000C and waklgui
cooled later, with loss as much as 40-45% of itgioal
compressive strength and hence this renders “aaliathod”
as an important parameter to be considered whitgdimg
research methodologies for investigating fire prope of HSC.

Salient Features of Test

The slow and quick cooling methods have an effectesidual
compressive strength of HSC heated to elevated éetype.
The loss in strength is more pronounced in caspiiak cooling
than in slow cooling for both curing ages of 28 sland 180
days and is more significant for the curing agd&® days. The
effect of quick cooling of concrete causes fulldtgtion of
concrete after 180 days of curing and is more ptongamage
of concrete after exposed to high temperaturesdgd. The
thermal gradient set by the immediate cooling ssydrampers
the residual compressive strength of fully hydratechent gel
(CSH). The cooling method is a very important patanto be
considered while designing research methodologies f
investigating fire properties of HSC.

The coupled Effect of High Temperature and Healiirge on

the Residual strength of Normal and High Strendgiloncrete
was investigated (Toumi.B. et al 2009)[18] by ingkuse of
commercial Portland cement, crushed lime stoneggsegates,
Silica fume and polypropylene fibre (PP fibre) rajowvith super
plasticizer and casted beams using three conoristes, NSC,
HSC and High Strength Concrete incorporating paggtene
fibre (HSC-PP) with the wi/c ratio of 0.45 and Or@8pectively
using 10% Silica fume by weight of cement and super
plasticiser and stored in lime water 28 days.

The unheated samples were tested for compressivéeasile
flexural strengths. Other specimens were exposedatget
temperatures of 300, 500 and 7000C for duratioB,6fand 9
hours and were tested for residual compressivagttieand the
residual flexural tensile strength.
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It was concluded that the residual strength of petecdecreases
as the prolonged duration of temperature exposaree
increased. The strength degradation of heated etasiwas
seen at peak temperature and the increase of exgptime. It
was also inferred that adding polypropylene fibets HSC
mixtures improves their residual compressive andsite
strengths and contrasting the residual compressreagth, the

Close observations on crushed specimens reveaksd thie
surface colour penetrates into the concrete arsl diepends
upon the intensity of the inward heat. While clearface
discolouration is seen to last up to about 10 mnepgde
particularly on specimens exposed to 5000C or kksscolour
penetrates deeper in the case of specimens subjiec&)00C.
The formation of large cracks on specimens revitledugh

residual flexural strength of HSCs without and with water-cooling could serve as a stimulus for encging fire

polypropylene fibers always drops continuously undsing

fighting with means other than the use of normalewapray. It

temperatures. The polypropylene fibers melt at highwas suggested that, more research is needed dbpenidigh

temperatures (e.g. fire) providing voids that helpduce
explosive characteristics of concrete.

Salient Featuresof Test

The concrete strength decreased with increasingdmature
and heating time. The grade of concrete affectsréds&dual
compressive and flexural strength: the decreagberstrength
of ordinary concrete is more than that in HPC, effect being
more pronounced as the heating time increasespRgplylene
fibres were found to have a beneficial effect mideal strength
of HPC at least at high temperatures over theirtingeland
vaporization.

The Influence of elevated temperatures on physiaad
compressive strength properties of concrete cangipalm oil
fuel ash was investigated (Mohammad Ismail et d12{9]
using OPC, palm oil fuel ash (POFA), dry mining daand
crushed granite along with super plasticiser. Spens were
cast and stored under wet burlap for 24hrs and isedein
water for 28 days.

Maintaining target temperature for 1 hr, all thedmens were
exposed to heat of 100,300,500 and 8000C, exceptroto
specimen. Some specimens were allowed for air rogotit
room temperature and some others were subjectedater
cooling by water spaying and allowed to remain urtde same
condition of temperature.

It was inferred that except in the air-cooling @A concrete,
there was a continuous decrease in the residuapressive
strength with increasing temperature. Highest reédos were
observed in OPC concrete which include; 22.5%, 3Bt 78%
at 3000C, 5000C and 8000C respectively. The cooratipg
values against POFA are 2.9%, +5.1% (increaseparit?o. At
temperatures of about 350-5500C, positive achiex&snen
residual performance over original performance dolle
realized in favour of POFA concrete especially winenwater
is involved in its cooling. Also observed that egsling
exhibited superior qualities over water-cooling rogintaining
higher residual properties and at 3000C and 500eCédtained
residual performance by air-cooling over water-gaplwas up

to 13% and 34% in relation to OPC and POFA consrete

respectively.

strength POFA concrete, which may in addition t® fiigh
density entertain spalling at lower temperaturesabse of the
moisture expected in the porous POFA particles.

Salient Features of Test

The residual performance was found to be highePGFA
concrete than in the normal concrete. Water coolmas
realized to aggravate strength reduction in bothmab and
POFA concretes when compared to air - cooling. High
temperature and cooling system were also foundate lgreat
importance on physical properties, such as; masss, lo
discolouration and crack patterns.

The Compressive and splitting tensile strengtrawatioclaved
aerated concrete (AAC) containing perlite aggregared
polypropylene fibre subjected to high temperatuneas
experimentally investigated (Borvorn Israngkura Agudhya
2011)[20] using AAC cementitious materials camtzy
perlite at 15%, 20% and 30% sand replacements hed t
polypropylene fibre content of 0 to 2% by volumeonCrete
specimens were cast and kept in pressurized charaber
temperature of 180-1900C for 8 hours. The specimeere
exposed to a temperature of 100 to 10000C forrngpef 3
hours. Compressive and splitting tensile strengtbtst were
carried out. The unheated AAC specimens were tdstetheir
strength and compared with that of the heated spatiof AAC
mixed perlite for different percentage replacemant for
different % of mix of PP fibre.

It was observed that the strength of AAC has redwaleen the
exposure temperature increased and above 4000Cpid ra
decline in strength was observed. High exposurepésatures,
8000C and 10000C, did have significantly affect ¢strength of
the specimens. Also observed that introducing Ob§%solume

of PP fiber dosage in mixing dose give the highsdstngth of
AAC but further addition of dosage beyond 0.5% &f fiber
caused the decrease in strength.

It was reported that replacement sand with peiriteeased the
unheated compressive and splitting tensile streng@% of
replacement gave the highest strength results.coh®ressive
strength decreased when the content of perliteasad with no
fibre. This can be attributed to the transition amto of
crystallization of tobermorite. In addition, as Iger dosage
increased, the quantity of mixing water also insesh
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considerably,
performance. Also concluded that the strength ettemal
gradually increased as the exposure temperatur¢ wgrto
100°C. Above 100°C the strength of material dedjne
regardless to the content of fiber and perlite. 180°C, the
heated strength of compressive and splitting waghehi
approximately 5-9% of its unheated specimens, ti#gss the
presence of fibre. The compressive and splittimgite strength
of specimens rapidly deteriorated at around 5004608 its
unheated specimens when the exposure temperatachec
1,000°C. It was also inferred that there was nough evidence
to support an increase of strength when periteRfpdibre was
used together with AAC mixture. There was significahange
in colour at different elevated temperatures froB0°Z to
800°C.

Salient Featuresof Test

The unheated compressive and splitting tensilegtheof AAC
specimens containing PP fibre was not more effectiwe
residual compressive strength than splitting tensirength.
This indicated that the primary mechanism causitrgngth
degradation was micro cracking, which occurred estew
expanded and evaporated from the pores of thetgtaeucthe
30% perlite replacement of sand gave the highestgth.

The effect of elevated temperature on strengtldifbérently
cured concretes was studied ( Krishna Rao.M.VI 2041) [21]
using OPC and Portland Pozzolana cement (PPCY, saued |,
coarse aggregate, Micro silica and Concure WB wha=ed
concrete curing compound. The experiments werewgtrd on
a design M40 grade concrete mix proportion with 1@f6ro
silica with w/c ratio of 0.43. Specimens were castl cured by
conventional water curing and also by applicatibmembrane
forming curing compound for 28 days and specimemsew
exposed to 150 to 4500C for 1 hour and the someirapas
were left unheated. After 1 hour they were air edolo room
temperature and the compression test and Non-gésguests
such as Rebound Hammer, U.P.V per standards ofsiBrit
Standards were conducted.

It was concluded that the concrete mixes sufferethereasing
loss in their compressive strength on exposurentwegsing
sustained elevated temperature in general. Thedbstength
is comparable in the mixes prepared by using ORLC1886 SF,
when cured by conventional water curing. Resultkciated the
losses in relative strength due to high-temperatimosure and
the presence of 10% silica fume seemed to havegnifisant

effect. The 28-day compressive strengths of coa@pecimens
cured by conventional water curing have been mioae those
cured by membrane curing
temperature exposures. Less weight loss was olibéegs in

which had a negative effect on stieng

It was also reported that the Rebound number dardift cubes
have been more or less the same and ranged fro28 26
conventional wet curing specimens and 22-26 forsgheximens
cured with membrane forming cured compounds resmbet
Also inferred that the pulse velocity values of eated

specimens and also those exposed to 1500C for ¥ hou

possessed ‘good’ concrete quality grading, irretpecof
method of curing But, the specimens exposed to G0&nd
4500C for the same 1 hour duration indicated cdasref
‘medium’ quality and ‘doubtful’ quality respectivel

Salient Features of Test

The compressive strength and weight of concreteedsed
with increasing temperature. It has a bearing céimgmaterial
and method of curing. Specimens subjected to cdiorel
curing performed relatively better than those ofmbeane
curing.

The effect of high temperature and fibre contentranresidual
mechanical properties of concrete was investig@teding-sun

Kim et al 2012)[22] using OPC, sea sand as finereggge,

crushed gravel as coarse aggregate, poly carbdxgtied super
plasticiser and polypropylene fibres. The w/c mataf 0.55 to

0.35 with varying PP fibre of 0.05 to 2% by volumiecement

The specimens were cast and cured in water aretitestroom

and high temperature. The first specimen for thetressed test
(pre-load of 0%) and the second and the third were-loaded

to 20 and 40% of their ultimate compressive strerfigt 1 hr at

room temperature respectively.

The above investigations inferred that polypropglefibre
reinforced concrete exposed to high temperature has
significant decrease in the parameters evaluatethffressive
strength, modulus of elasticity, strain at peakssty with respect
to those kept at room temperature. It has no pdatigmpact in
the mechanical properties with the amount of 0.05+01.% PP
fibore used for preventing explosive spalling. Thesidual
mechanical properties of concrete with PP fibrelgjenied to
high temperature were increased with the incredseesload
level. The pre-load is not efficient for the risk spalling and
the brittle failure tendency. Also it was observitit the
excessive pre-load could shorten life of concretfiré and also
reported that the concrete need more than 0.0%vBP fibers
to prevent explosive spalling for all w/c ratios.

Salient Features of Test

PP fibre with a small cross-sectional area is ¢ffecin
preventing the spalling and has no effect in insirga the

in_both unheated and highresidual mechanical properties. Concrete with peatl after

subjected to high temperatures was better in therggn

membrane cured concrete specimen when compared tgbsorption capacity than unstressed concrete, rendifference

conventional water cured specimens.

between the values of them decreased with the dnereof
compressive strength. The external loading infleendo
increase not only the residual mechanical propedfeconcrete
but also the risk of spalling and brittle failuentlency.
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The role of fly ash composite concrete under snsthelevated
temperature was investigated (Vishwanath. K.NI 2042)[23]

using cement, crushed aggregate and river sandlyaadh for

mix replacing conventional Portland cement with 33%% and
45% and concrete specimens were cast and cur@8 fo6 and
90 days. All the concrete mixtures were exposed@C and
3000C for 2 to 5 hours and then tested for conspres and
tensile strengths. The states of Cao and quartdrakign

reaction were also analyzed by using XRD graphs.

The above investigation reported that the early stgength of
fly ash concrete is in line with that of controllemncrete
elements. For a moderate temperature rise of 200yCash
concrete as well as controlled concrete elementg Isamilar
target mean strength at the end of 5 hours expo&ileenents
with the higher fly ash content showed marginal iowement
in their final strength for the curing periods & &nd 90 days
which is mainly due to the spherical shape ofafsh particles
compared to the morphology of cement alone.

It was also reported that 35% fly ash replacemess kA
tendency to alter its capacity to take the comjveskmading
over the duration of exposure. At 28 days, elemauitis 40%
replacement cement will sustain the achieved cosspre
strength for extended exposure duration. The ctetro
concrete have higher residual strengths and alsoctimcrete
blended with fly ash improved mechanical properéesn after
subjected them for prolonged exposure for diffetentperature
ranges.

Salient Featuresof Test

Fly ash composite concrete sustained the achieverpiessive
strength for extended exposure duration and shoavestudy
increase in their tensile strength taking capadityis is due to
the higher fly ash content having additional alumieads to
formation of more cementitious material filling tip®res and
increased density.

The behavior of HPC with fly ash after elevated penature
was studied (Huai- Shuai et al 2013)[24] using thigh

performance concrete mixes with characteristic casgive
strength of 50MPa and 60MPa using natural rivadsarushed
stone as coarse aggregate, fly ash of 20% andi®1¥eight

of cement and water reducing agent. The specimene cast
and cured for 28 days. At 120 days, the specimems @xposed
to elevated temperature of 2000C, 3000C, 4000C, 58 C

and cooled naturally to room temperature and wested.

The above investigation reported that the theqnaperties, at
elevated temperatures, exhibited by high- perfomaatoncrete
are similar to those of plain concrete and theufailmodes of
HPC under uniaxial compression with and withouttfoin-
reducing pads were column — type fragments and tapge
fragments, respectively. It was also observed thatsplitting

tensile strain along the unloaded plane(s) was ddugse of
failure for both.

It was also concluded that above 3000C, the twesWSC lose
their cleavage strength at faster rate and thevatgastrength at
5000C of two mixes is above 62.2% and 65.2% ofattiginal
strength (at 200C), respectively.

The flexural strength dropped sharply comparech&driginal
strength with the temperature increased from 20@o&D00C. It
was suggested that the data established on thastfethermal
properties of HPC elevated temperature can be tasddvelop
mathematical models to predict the fire resistanéeHPC
structure member.

Salient Features of Test

The faster rate of drop in the strength of HPC lavated
temperature is due to the dehydration of the cerpastie which
results in gradual disintegration. The paste atsml$ to shrink
and aggregate expands and the bond between thegaggmand
the paste is weakened. The flexural strength amndsalnic pulse
velocity also dropped sharply at elevated tentpesa. The
variation in colour was also observed at elevatetperature.

The performance of rice husk ash concrete at advat
temperatures (Chandan Kumar.P et al 2013)[25]
investigated using Portland pozzolana cement, diggregate,
coarse aggregate, Rice Husk Ash (RHA), water andpers
plasticiser, complast and M20 grade concrete weagded and
cement in proportion of 0% to 20% is replaced viRtHA. The

concrete specimens were cast by maintaining thé&akdity of

75mm and cured for 28 days in water. The test apats were
exposed to temperature of 1000C to 7000C for 2am air
cooled and tested for compressive strength aagiee of 7 and
28 days.

The above investigation inferred that the replacgré&RHA in
the range of 5% to 20% does not change the compeess
strength of concrete. However, the workability éeses with
the increase in RHA replacement level. To compenta loss
of workability super plasticizer in the dosage @frl, 12ml,
14ml and 16ml was required for 5%, 10%, 15% and 94
replacement concrete respectively. The residual pcessive
strength of concrete for all the RHA replacementséases at
the initial temperature of 1000C -1500C and theezaf
decreases gradually up to temperature of 7000Cubecpore
water evaporates at 1000C and the concrete matborbes
brittle.

It was also reported that 15% replacement of RHfoisd to
be optimal as the residual compressive strengthvagious
temperature in the range of 1000C - 7000C showsdlssi
strength to that of cement without RHA at 28 days.
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The overall performance of 10% RHA replacementllevéoth
7 and 28 days showed better residual compressieegih than
that of normal concrete and other replacements.

Salient Featuresof Test

The addition of RHA can influence the physico - iestcal
properties of concrete and causes significant aszein the
hydraulic stability of cemented paste and enhatfvestrength,
leaching and durability of cement. It was infertbdt the rice
husk ash usage in concrete as replacement, thesiemisf
green house gases can be decreased to a greatat with
which more number of carbon credits can be gained.

The residual compressive strength of normal and Bigength
concrete at elevated temperatures was studied @&@eh
Joseph 2013) [26] using Portland cement , fine egage and
coarse aggregate and water with water-cementsratic0.6,
0.39, concrete specimens were cast and cure@8faiays. On
curing, they were dried and subjected to varyingperature
(2000C - 8000C) for 2 hours. The specimens wene toeled
in air and quenched in water. All the specimensewtested for
compressive strength.

The above investigations reported that the conaretestituent
materials used for the study met suitability regoients of
relevant codes. and irrespective of concrete gradecrete
cooled in air has higher residual strength comparedhat

cooled rapidly in water. It was also concluded tthat residual
compressive strength loss increases with increat@mperature
for both concretes. The CEN Euro code and the CE&igd

curves were applicable to Normal Strength Conchete not

applicable to HSC which needed further attentiorwds also
suggested for an effective approach other than aneg with

water for a structure after a fire is imperative.

Salient Featuresof Test

The decrease in strength in both NSC and HSC eatatdd
temperatures is as a result of heat induced mhtirgradation
and the mechanical properties of concrete are digmeron their
original non- heat treated values. The decreas&rangth of
both NSC and HSC also depends on the type of curing

Influence of elevated temperatures on the mechbpioaerties
of blended cement concretes prepared with lime estand
siliceous aggregates was investigated (Savvaah 2005) [27]
using OPC, crushed lime stone and siliceous agtgegthree
pozzolans either 10% or 30%. One natural of amilc origin,
Milos earth (ME) and two Greek lignite fly ashedplemaida
fly ash( high calcium fly ash and with both pozzotaand
hydraulic activity) and Megalopolis fly ash.( Lovalcium fly
ash with a significant pozzolanic activity). Conterspecimens
of size 150x150x150 mm cubes or 150x300 mm cylimedth
w/b ratio of 0.5 were cast and cured for 28 daysades of 3, 7,
14, 28, 60 and 1095 days, specimens were testedelays of
the rebound hammer and pulse velocity and commeessi

strength was determined after 3 years, the spesinvegre
heated in an electric furnace at four temperatewvellfrom 100

to 7500C for 2h duration .and cooled down to room
temperature.

The specimens were tested for residual compressiemgth,
modulus of elasticity, rebound values and ultrasopulse
velocity. The investigation reported that the sgtén modulus
of elasticity, rebound values and ultrasonic pustocity are
affected differently during heating. Concretes madé 10
MFA showed same behaviour between 100 to 7500C puitk
OPC irrespective of type of aggregate.

Concrete with pozzolanic materials showed betteength

results than the pure OPC concretes, up to 300e€piective of
type of binder, and a decrease in strength wasredxddor the
exposed heating above 3000C. Between 1000C andC3@be
initial strength of all mixtures increases and ighler for

siliceous concretes. At 6000C, the strength wasaed to about
the half; the reduction is from 75% to 93% at 7500C

A continuous drop in modulus of elasticity rangeahi 94% to
99% at 7500C was noticed at all temperatures iewsEe of
type of binder and aggregate and it was highethfedime stone
concretes.

Salient Features of Test

The compressive strength, modulus of elasticitypumd values
and ultrasonic pulse velocity are affected difféiyerduring
heating between 100 to 7500C for all types of agmpes and
irrespective of type of binders. the initial strémgvas higher
between 1000C to 3000C and was higher for siliceous
concretes. Temperatures between 300 to 7500C \itasalcto

the strength loss and it was observed that theterethe
percentage of the replacement OPC, the greateethetion in
initial strength. Continuous drop of modulus of stieity was
also noticed at all temperatures.

CONCLUTIONS

The review provides the following conclusions based the
experimental investigations of various researchers:

e The use of natural and chemical admixtures like
silica fume, fly ash, finely ground pumice, Palm
Oil Fuel Ash, Rice Husk Ash as replacement of
cement caused the decrease in the compressive
strength, modulus of elasticity, tensile strength,
ultrasonic pulse velocity and colour change of the
concretes at elevated temperatures.

e The use of different w/c ratios and different type
of aggregates exhibited reduction of mechanical
properties of concrete at elevated temperatures
particularly above 60.

« Different curing methods irrespective of types of
concretes made with different admixtures also
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caused the reduction in the mechanical properties [9].lvan Janotka, Terezia Nurbergerova, “Effectehperature

at elevated temperatures.

» Polypropylene fibres in concretes reduced the
explosive spalling of concretes at elevated
temperatures.

SCOPE OF FUTURE INVESTIGATION

Further research work can be carried out on NSC,B&CHPC
at elevated temperatures using ternary or tert@mycretes
along with hybrid fibres, steel and glass, othezzmtenas like
metakaolin, GGBS, Silica Fume, Fly ash, sewage esast
agricultural wastes and other industrial wastes ctvhare
abundantly available reducing the consumption ofmemet
creased with increase in the exposed to maintaretological
balance.

Research on performance based designs are to ée tgkin
designing the fire resistant structures and arwytnodeling is
also very important part to be taken up.
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