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Abstract: Fly ash based geopolymer concrete, one of the environment friendly alternatives to conventional concrete, is expected to behave better at elevated temperatures.
However limited information is available about its behaviour at elevated temperatures. This paper presents the engineering properties of fly ash based geopolymer concrete
after exposure to elevated temperatures and compares the corresponding results with those of a conventional concrete having almost the same compressive strength of
geopolymer concrete (at ambient temperature). The specimens were heated at a constant rate (5.5 °C /minute) to different set temperatures (200,400, 600 and 800 °C). They
were cooled to ambient temperature by air cooling and water cooling and then tested for their strength properties. It could be observed that, the fly ash based geopolymer
concrete undergoes a higher rate of strength loss during its early heating period (up to 200°C) compared to OPC concrete. However, the residual strength properties of both the
concrete are almost the same at 400°C temperature exposure and beyond 600°C, while OPC concrete loses its strength properties rapidly; geopolymer concrete improves its
strength. Hence, it could be concluded that the fly ash based geopolymer concrete could be considered as a better sustainable material than conventional concrete under the

situations where it may be exposed to temperatures beyond 400 °C..
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INTRODUCTION

Construction industry needs materials and
technologies that are environment friendly and
sustainable. Most  widely used construction
material is cement. However, its manufacturing
process leads to the production of greenhouse
gas [1]. Fly ash, a waste product generated from
thermal power stafions causes environmental
issues, unless disposed off properly [2]. Use of fly
ash based geopolymer concrete as one of the
construction materials will not only eliminate
consumption of cement but also utilize industrial
waste effectively. As a result, geopolymer (GP)
concrete is emerging as one of the environment
friendly alternatives to Ordinary Portland Cement
(OPC) concrete

In GP concrete, a geopolymer binder is formed
by alkali activation of amorphous alumina-
silicate material under warm atmosphere. The
result of geopolymerisation is the formation of a
three dimensional structural framework which is
formed after dissolution, hydrolysis and
polycondensation reaction [3.4]. The
effectiveness in the geopolymerisation process
depends on type, particle size, and the degree
of amorphous character and the chemical
composition of alumino-silicate source materials
[5-8]. Variables such as water to solid ratio, type
and concentration of alkali, temperature of
curing , period of curing, method of mixing etc.
influence the properties of geopolymer mortar
and concrete [9-11].

For normal applications, OPC concrete generally
provides satisfactory thermal resistance up to a
femperature exposure of about 400 °C.
However, beyond this temperature, its strength
properties decreases rapidly and wide spread
cracking and subsequent spalling occurs [12-17].
Because of the low energy need for the
production and expected better behaviour at
elevated temperatures compared to OPC
concrete, geopolymer compounds are being
considered as sustainable fireproof building
materials, heat insulators etc. However, most of
the studies at elevated temperatures are on
geopolymer paste and mortar [18-19]. Kong
and Sanjayan [20], based on their study on fly
ash based geopolymer concrete, have reported
that the compressive strength of geopolymer
concrete when  exposed to  elevated
temperatures are influenced by the specimen
size, size of coarse aggregate and type of
aggregate. Kong et al. [19] observed a higher
strength loss at elevated temperatures for
metakaolin based geopolymer paste as against
fly ash based geopolymer paste. At 800 °C,
while metakaolin based geopolymer paste
confinued its strength loss, they observed a
strength gain in fly ash based geopolymer.

Review of literature shows that, a systematic
study on the engineering properties of
geopolymer concrete exposed to elevated
temperatures is still a gap area. Present paper
focuses on an experimental investigation on the
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engineering properties of geopolymer concrete
exposed to elevated temperatures and
compares the corresponding behavior of a
comparable OPC concrete.

EXPERIMENTAL PROGRAM

Fly ash based geopolymer (GP) concrete
specimens were made and were exposed to a
constant rate of temperature increase (5.5 °C/
minutes). The specimens were then cooled to
ambient temperature by air cooling and water
cooling. Specimens were then tested at ambient

temperature to determine their various
engineering properties. OPC concrete was
designed in such a way that the cube

compressive strength of both GP and OPC
concrete are almost the same at ambient
temperature so that their test result could be
compared.

# Materials
Low calcium fly ash (ASTM Class F) obtained from
a thermal power station (India) has been used
for the present study. The chemical composition
of fly ash is presented in Table1. The fly ash used
had a specific gravity of 1.9. Partiice size
distribution and XRD analysis are available in a
publication [21].
A mixture of NaOH and Na2SiOs solution (SiO2 =
34.64%, Na20= 16.27%, water 49.09%) was used
as alkali solution in the present investigation.
NaOH pellets of 98% purity were used to make
sodium hydroxide solution. The specific gravity of
alkali liquid solution, having Na2SiOs/ NaOH
(molarity 10) ratio 2.5 was 1.54.
Crushed granite aggregates of nominal size 20
mm was used as coarse aggregate. Natural river
sand having fineness modulus of 2.36 was used
as fine aggregate. The specific gravity of coarse
and fine aggregate was 272 and 2.64
respectively. Ordinary Portland cement was used
for making OPC concrete.

Table 1. Chemical composition of fly ash

Parameter H Content % by mass)
S0, 59.70
AlLOs 28.36
Fe,05+Fe,0s 457
@0 210
NaZO 0.04
MqO 0.83
Mﬂ203 0.04
1i0, 1.82
50; 0.40
Loss of ignition 1.06

i Mix proportioning

A preliminary study was carried out to arrive at
the optimum proportion of the various
constituents of GP concrete and it details are
presented elsewhere [22]. Accordingly, the

parameters that kept constant in the present
investigation includes, aggregate content by
volume (70%), the ratio of fine aggregate to total
aggregate(0.35), ratio of alkali to fly ashy by
mass (0.55), molarity of NaOH (10), ratio of
Na2SiOs to NaOH (2.5), ratio of water to
geopolymer solid (0.25). The quantity of materials
required to produce 1msof GP concrete based

on the above proportions is given in Table 2.
Table 2. Quantity of materials required to produce Tm’of GP and OPC concrete

aggregate (kg)
Aggregate (kg)
NaOH
Solution (kg)
Plasticizer (kg)

GP
concr
|
|
w0
S

1204 | 648 | 487 121 6.2

1204 | 648

0PC
concrete

o~

>

Mixing

The prepared NaOH solution was first mixed with
calculated amount of Na2SiOs liquid and kept for
24 hours before use. Coarse and fine aggregates
in saturated surface dry conditions were
thoroughly mixed with fly ash in a pan mixture.
The alkali liquid and Naphthalene based
superplastisizer (2% by weight of fly ash) were
mixed together and then added to the dry mix.
The whole mixture was then mixed together for 5
minutes.

i Casting of specimens

Steel moulds of size150 mm x 150 mm x 150 mm,
100 mm x 100 mm x 500 mm, and 150 mm
diameter, 300mm height were used for
mechanical properties of both GP and OPC
concrete. The fresh GP and OPC concrete filled
in 3 layers and compacted with the help of a
table vibrator. The OPC concrete specimens
were kept in the mould for 24 hours under
laboratory conditions and then they were
demoulded and immersed in water for curing.
GP concrete specimens were kept under
laboratory condition for 60 minutes and then,
after covering with thin steel plate, they were
subjected to heat curing in an electric oven at
100 °C for a period of 24 hours. The curing
temperature and period of curing were arrived
at based on a preliminary study [22]. After
temperature curing, GP concrete specimens
were kept at room temperature till they were
tested. Geopolymer paste was prepared with
the same GP concrete and specimens were
prepared for different microstructural analysis.
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i Heating and testing of specimens
OPC concrete specimens were taken out of
curing tank on the 27t day, their surfaces dried
with cloth and kept in the laboratory for 24 hours.
The specimens were then kept in an oven for 1
hour at 60°C to remove surface moisture so that
exposure spalling could be avoided during
heating.
GP and OPC concrete specimens were heated
in an electric furnace to 200°C, 400°C, 600°C and
800°C. The rate of heating was kept at 5.5°C
/minute. After attaining the target temperature,
specimens were kept at the same temperature
for 1 hour to ensure that the specimens attain a
uniform temperature throughout. The heated
specimens were then cooled by two different
methods namely air cooling and water cooling.
Both GP and OPC concrete specimens were
tested after they were cooled down to ambient
temperature.
RESULTS
i Compressive strength
Table 3 gives the compressive strength of GP
and OPC concrete after exposed to elevated
temperature. From the Table 3, it could be
observed that, for almost the same compressive
strengths of both GP and OPC specimens at
ambient temperature, there is a higher strength
loss for GP concrete during the early stages of
the temperature rise. In the present study, at
200°C , while air cooled and water cooled OPC
concrete had a strength loss of about 0.4 % and
9% respectively, the corresponding loss of
strength of GP concrete is about 26 % and 31%
respectively.

Table 3. Cube compressive strength of GP and OPC specimens after exposed to

elevated temperatures
GP Concrete GEE
Exposure  Aircooled | Watercooled  Aircooled  Water cooled
Temperature ~ Comp. Comp. Com. Comp

0 strength  SD* |strength SD* strength SD* strength SD*
(MPa) (MPa) (MPa) (MPa)

Ambient (28) | 5730 [045| - — | 5985 |0.68| - -
200 4252 10.68| 39.40 |0.68| 59.60 |1.17| 5437 |0.88
400 37.33 |0.45| 3585 |0.44| 4266 |0.44] 39.85 |1.14
600 30.82 |0.67| 28.00 |0.94| 3244 ]0.84| 3148 |0.54
300 32.88 1038| 31.30 {0.31] 21.00 {0.31] 19.55 {0.62
*— SD — Standard deviation

The FTIR spectrum analysis of GP paste exposed
to elevated temperatures is presented in figure
1[23], which shows a shift in the wave number
and a substantial reduction of the peak in Si-O-
Al (alumino silicate) and Si-O-Si regions (wave
number 460cm-' to 1088cm-!) at a temperature
exposure of 200°C, indicating a reduction in their
bonding force and decrease in chain length [6].
Also, the bands representing water molecule

(hydroxyl groups) in GP paste showed a marked
decrease in their peak at a temperature
exposure of 200°C and further increase in
exposure temperature did not cause any further
decrease in these peaks(wave number 3440 cm-
). This means that, most of the weakly bound
water molecules that were either adsorbed on
the surface or trapped in the large cavities
between the geopolymeric products get
expelled at about 200°C. The combined result of
the above may lead to a higher strength
reduction in GP concrete compared to OPC
concrete during the initial heating process.
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Figure 1. FTIR of Geopolymer paste exposed at different temperature (air cooled)
ambient: a=3430cm " b=1635cm™", =1453.13cm™', d=1045cm",
e=870.26 cm™'
f=788 cm™', g=555 cm™" and h=455 cm™

200°C  a=3436.m~'d=1062 cm™'f;=795 cm~"h;=458 cm™’
400°C 2,=3399 am~'d;=1046 cm~'f,=788 cm " h;=446 cm™!
600°C:  &=3419m'd;=1039 cm'f;=776 cm™" h;=451 cm™"
800°C:  a,=3399 cm~'d,=1006 cm~'f,=775 cm~"h;=453 cm™'

Even though the free water in concrete gets
removed during the initial heating of OPC, the
strength gained due to the hydration of
unreacted cement particles compensates the
strength loss due to other parameters in
concrete when heated up to about 200 °C; a
behaviour well accepted by many researchers
[13,24].

Figure 2 shows the residual compressive strength
of test specimen (in percentage of strength at
ambient temperature) after the exposure to
different temperatures and tested after cooling
by air and water cooling methods. From Fig 2, it
could be observed that, the air cooled OPC
specimen does not experiences much strength
reduction up to 200°C and beyond this, there is
more or less a constant rate of strength reduction
up to 800°C.
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Figure 2. Residual cube compressive strength of GP and OPC concrete after exposure
to elevated temperatures
Compared to air cooled OPC specimen, the
rate of strength reduction between 200°C and
400°C is less for GP concrete and the
percentage residual strength is almost same for
both the types of concrete at 400°C. It may
further be noted that, while the rate of strength
loss between 400°C and 600°C is almost the
same for both the types of concrete. However
GP concrete shows a strength gain beyond
600°C, while OPC concrete continues to lose its
strength.
From the XRD analysis (figure 3) of GP paste[23],
an addifional polymerization of GP concrete
could be observed for a temperature exposure
after 600°C, which is evident from the increased
glass phase content above 600°C, as against the
90% glass phase content up to 600°C. Also, while
the FTIR spectrum of GP paste showed only
marginal reduction in the peak intensities over
the Si-O-Al and Si-O-Si region for the
temperature exposure between 200°C and
600°C, the peak intensity corresponding to Si-O-
Si linkage increases slightly beyond 600°C,
confirming the polymerization of inifially
unreacteted materials beyond 600°C.
It could be observed that, water cooled OPC
specimens showed a lower strength at all
exposure temperatures in the range between 3%
and 9% compared to the strength of air cooled
specimens primarily due to the thermal shock
induced due to sudden cooling. Similar
behaviour has been reported by other
investigators also [25-27]. The water cooled GP
concrete specimens also shows a lower strength
compared to air cooled GP specimens (4% to 9%
lower strength) and its behaviour is similar to that
of OPC concrete when exposed to water
cooling.
The strength reduction in OPC concrete when
exposed to high temperatures is primarily due to
the decomposition of the cement paste and the
corresponding loss of adhesion [28].
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Figure 3. XRD of Fly ash and Geopolymer binder paste exposed to elevated
temperatures (air cooled)
Further, the reason for a lower compressive
strength  of water cooled OPC specimen
compared to air cooled specimen is due to the
micro cracks developed subsequent to the
induced thermal shock [17,21]. The free calcium
hydroxide present in hydrated Portland cement
decomposes intfo calcium oxide at high
temperature. If this calcium oxide is wetted after
being cooled, it fransforms info calcium
hydroxide again, causing a volume change
(may be up to about 40%) and this may also
result to the formation of micro cracks in
concrete
ensile strength
Tables 4 and 5 shows the split tensile strength and
flexural strength of GP and OPC specimen
respectively, tested after exposure to elevated
temperatures. The plots of these residual
strengths in terms of percentage initial strength
are given in the fig 5 and 6 respectively.
From Tables 4 and 5 as well as from figs.4 and 5, it
could be observed that, both split and tensile
strength of GP concrete is slightly lower than the
corresponding values of OPC concrete up to a
temperature of 400°C. However, beyond this
temperature, GP concrete behaves better.
Further, similar to the compressive strength,
beyond 600°C, there is a strength gain for GP
concrete in both split and flexural strength.
Similar behaviour has been observed by other
investigators [29]. In the present investigation, the
residual split tensile strength of air cooled GP
concrete exposed to 600 °C is 32.3% and that in
OPC concrete is 27.0%. However, the
corresponding values at 800°C  exposure
temperature are respectively 35.6% and 19.3%.
Further, the rate of strength reduction of both
OPC and GP concrete is more or less the same
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up to 600°C in the case of split tensile strength as

well as flexural strength. 100 {m . gg ail‘tC()Oledl ;
. . . “5 water coole
Table 4. Split tensile strength of GP and OPC specimens after exposed ° 80 | OPC air cooled
to elevated temperatures %’ - OPC water cooled
GP Concrete | 0OPC Concrete < - 60
Expostire _ Aircooled  Watercooled | Air cooled Water cooled =z 10 - _
Tem CSplit [ Split Split - Split = Z
perature tensile tensile tensile tensile 5 =
oy * * * * = o ¢ .
(0 strength o strength o strength 0 strength 0 'z 20 -
(MPa) (MPa) (MPa) (MPa) ~ 0 . : . — .-
Ambient (27) | 544 1076 | - — | 547 | 046 - - 0 200 400 (ae() 800
200 417 1038 | 389 [049] 445 1063 430 0.92 "Temperature
400 261 089 | 247 1069 | 3.04 087 | 289 043 : -
500 176 1086 [ 137 0551 148 1064 | 145 078 Figure 6. Modulus of elasticity of GP and OPC concrete after exposure to elevated
800 194 1075 | 158 [0.69] 1.06 |057 0.95 1.10 temperatures
* 5D — Standard deviation Figure 6 shows the variation of the modulus of

Table 5. Flexural strength of GP and OPC specimens after exposed to elevated temperatures

GP Concrete 0PC Concrete
Air cooled | Water cooled Air cooled Water cooled

Exposure
" Flexural  Flexural
SD*

Temperature Flexural Flexural
(0 strength  SD*| strength | SD* | strength S[D strength
~ (MPa) (MPa) - (MPa)) (MPa))

Ambient (28) 068 - 544 )
200 4 23 1053 4.0 0.68 453 67 4.40 0.38
400 289 |1.21] 261 [0.86 336 077 3.19 0.82
600 186 1087 152 |0.58 172 D83 149 0.89
300 190 1047 1.65 |0.96 0.72 66 0.6 0.87
*SD — Standard deviation

Modulus of elasticity

The slope of secant drawn at one third of the
characteristic compressive strength of concrete
has been considered as the modulus of elasticity
of concrete. Standard cylinder specimens have

been used to determine the modulus of
elasticity.
o 100 {m GP air cooled
= GP water cooled
§ o 80 A = ~®— OPC air cooled
2 OPC water cooled
) 60 1 Q)
35
S 240 - \
S [
;2 20 - ‘\6\
() T T T
0 200 ... 400 o800 800
I'emperature,

Figure 4. Residual split tensile strength of GP and OPC concrete after exposure to
elevated temperatures

GP air cooled
GP water cooled
—0— OPC air cooled

Resedual flexural
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Temperature, °C
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Figure 5. Residual flexural strength of GP and OPC concrete after exposure to elevated
temperatures

elasticity (%) of GP and OPC concrete after
exposure to elevated temperatures.

It could be observed that, compared to OPC
concrete, while GP concrete shows a lower
residual modulus of elasticity up to about 450°C,
and higher values for exposure temperatures
above 450°C. Also, unlike OPC concrete, GP
concrete does not undergo further reduction in
modulus of elasticity beyond 600°C, a behaviour
similar to that of compressive strength of GP
concrete. For the present study, at 600°C air
cooled GP had a residual modulus of elasticity of
23.2% as against 9.2% in the case of OPC
concrete.  Further, at 800°C, air cooled GP
concrete had a residual modulus of elasticity of
24.5% and the corresponding value of air cooled
OPC concrete is only 2.9%.

CONCLUSIONS

Following conclusions could be derived from the
study conducted on the fly ash based concrete.
Fly ash based geopolymer (GP) concrete
undergoes a high rate of strength loss
(compressive strength, tensile strength and
modulus of elasticity) during its early heating
period (up to 200°C) compared to OPC
concrete.

The high rate of strength loss in GP concrete at
its early heating period is contributed primarily
due to the chemical restructuring of Si-O-Al
(alumino silicate) and Si-O-Si compound and
due to the formation of micro crack as a result
of the removal of water (weakly bound and
free water) from the geopolymer matrix.

At a temperature exposure beyond 600°C, the
unreacted crystalline materials in GP concrete
get transformed info amorphous state and
undergo polymerization. As a result, there is no
further strength loss (compressive strength,
tensile strength and modulus of elasticity) in
GP concrete, whereas, OPC concrete
confinues to lose its strength properties at a
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faster rate beyond a temperature exposure of
600°C.

For the present study, after a temperature
exposure of 600°C, both air cooled GP and
OPC concrete had about 54% residual cube
compressive strength  (compared to the
stfrength at ambient temperature, which is
almost the same for both GP and OPC
concrete). However, at 800°C, while GP
concrete slightly gained its residual strength
(to 57%), while OPC concrete continue to lose
its strength (35% residual strength).

Effect of thermal shock due to water cooling
on GP and OPC concrete after exposed to
elevated temperatures is more or less similar.
For the present study, both GP and OPC
concrete had a maximum strength loss of
about 10% due to water cooling.

Hence, it could be concluded that the fly ash
based geopolymer concrete could be
considered as a better sustainable material than
conventional concrete under the situations
where it may be exposed to temperatures
beyond 400 °C.

References
[11 V.M. Malhotra, Making Concrete ‘Greener” With Fly Ash, ACl' Concr. Int. 21 (1999)
61-66.

[2]  Blokeshappa, Dikshit AK, Disposal and Management of Flyash, International
Conference on Life Science and Technology. IPCBEE 3(2011) 1114

3]  JGS Van Jaarsveld , J.SJ. Van Deventer, L. Lorenzen , The potential use of
Geopolymeric materials to immobilise toxic metals: Part I. Theory and applications,
Mineral Engineering. 10(1997) 659—669.

[4] ). Davidovit, Chemistry of geopolymer system—Terminology, Geopolymer
International Conference, France (1999).

[5]  ElDiaz, EN. Allouche, S. Eklund , Factors affecting the suitability of fly ash as source
material for geopolymers, Fuel 89(2003) 992-996.

[6]  PDuxsonJ.L. Provis, G.C. Lukey, S.W. Mallicoat Understanding the relationship
between geopolymer composition, microstructure and mechanical properties,
Colloids and surf. 269 (2005) 47-58.

[71  H.Xu,JS.J. Van Deventer Effect of Source Materials on Geopolymerization., Ind. Eng.
Chem. Res.42(2003) 1698—1706.

[8]  Temuujin, P.P. Williams, V.A. Riessen, Effect of mechanical activation of fly ash on
the properties of geopolymer cured at ambient temperature, J. Mater. Proc. Tech
209(2009) 5276—5280.

91 RN. Thakur, S. Ghosh , Effect of mix composition on Compressive strength and
Microstructure of Fly ash based Geopolymer composites, ARPN J.of Eng
Appl.Sc.4(2009) 6874

[10] D. Hardjito,S.E. Wallah, D.M.J. Sumajouw, B.V. Rangan, On the development of fly
ash—based geopolymer concrete, ACl Mater. J. 101(2004), 467—472.

[11]  AM. Ferndndez—Jiménez, A. Palomo, C. Lopez—Hombrados , Engineering properties
of alkali—activated fly ash concrete, ACI Mater. J. 103(2006) 106—112.

[12] L T.Phan, Fire performance of high strength Concrete: A report of the State of the Art,
National Institutes of Standards and Technology, Maryland (1996).

[13]  W.M. Lin, T.D. Lin, C. L .J. Powers, Microstructures of Fire—Damaged Concrete, ACI
Mater.J. 93(1996) 199—205.

[14]  S.Y.N.Chan, G.F. Peng, M.Anson, Fire Behavior of High—Performance Concrete Made
with Silica Fume at Various Moisture Contents, ACl Mater. J. 96,(1999)405—409.

[15]  G. Chanvillard, L. Aloia, Concrete Strength Estimation at Early Ages: Modification of
the Method of Equivalent Age, ACI Mater.J. 94(1997)520-530.

[16] G. ). Escalante, ). H. Sharp, Effect of temperature on the hydration of the main clinker
phases in portland cements: Part 1. Neat cements, Cem. Concr. Res 28 (1998) 1259—
1274.

(17]
(18]

[19]

[26]
[27]

(28]

(29]

V. Kodur, W.Khali,, Effect of Temperature on Thermal Properties of Different Types of
High Strength Concrete, J. Mater. Civ. Eng. 23 (2003) 793-801.

Z Pan, J.G. Sanjayan, Stress—strain behavior and abrupt loss of stiffness of
geopolymer at elevated temperatures, Cem and Concr. Comp 32(2010) 657—664.
D.LY. Kong, J.G. Sanjayan, K.S.Crentsil, Comparative performance of geopolymers
made with metakaolin and flyash after exposure to elevated temperatures, Cem.
Concr. Res. 37(2007) 1583—1589

D.LY. Kong, J.G. Sanjayan, Effect of elevated temperatures on geopolymer paste,
mortar and concrete, Cem. Concr. Res 40(2010)334-339.

George Mathew, Benny Joseph, Flexural behaviour of geopolymer concrete beams
exposed to elevated temperatures, J Building Eng. 15 (2018) 311-318.

B. Joseph , G. Mathew , Influence of Aggregate content on the Behavior of Fly ash
based Geopolymer Concrete, Scientia Iranica19(2012)1188—1194.

George Mathew, Benny Joseph, Microstructural analysis of fly ash based geopolymer
exposed to elevated temperatures, Bull Eng. 10 (2017) 117-122.

G.F. Peng, S.Y.N. Chan, M. Anson , Chemical kinetics of (—S—H decomposition in
hardened cement paste subjected to elevated temperatures up to 800, Adv.in Cem.
Res. 13(2001):47-52.

G.F. Peng, SH. Bian, Z .Q. Guo, J. Zhao, X.L. Peng, Y.C. Jiang, Effect of thermal shock
due to rapid cooling on residual mechanical properties of fiber concrete exposed to
high temperatures, Constr. and Build. Mater 22(2008) 948—955.

0. Lanre, M. Asce The influence of weather on the performance of laterized concrete,
J.Eng. and appl.Sc. 2, (2007) 129— 135.

G. Mathew, M. Paul, Influence of Fly Ash and GGBFS in Laterised Concrete Exposed to
Flevated temperatures, J.Mater.Civ.Engg.(2013)

SN. Shoukry, G.W. William, B. Downie, M.Y.Raid , Effect of moisture and
temperature on the mechanical properties of concrete, Constr. and Build.Mater.
25(2011) 688696

Manvendra Verma , Kamal Upreti, Prashant Vats, Sandeep Singh, Prashant Singh,
Experimental Analysis of Geopolymer Concrete: A Sustainable and Economic
Concrete Using the Cost Estimation Model, Advances in Materials Science and
Engineering, 2022 (2022), 1-16.

el s |

AFTATihia TR fascicule
b

Bl ouE EEEE| =
FC_UD[J asaepen| -

v

TECHNICH
& B [conviniensis| B8
@@|BULLETINDE| 55|
88 encineeninG| 53

SEEE @a|a 000 E’
SuEE @Ea0008| S
nowso] SERAGANIN S
ISSN: 2067-3809
copyright © University POLITEHNICA Timisoara,
Faculty of Engineering Hunedoara,
5, Revolutiei, 331128, Hunedoara, ROMANIA

http://acta.fih.upt.ro

]

L
DNINTINIDNT JO NLL-
SN0 BIUYRL

34 | University Politehnica Timisoara — Faculty of Engineering Hunedoara




