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A B S T R A C T

Flexural behaviour of fly ash based geopolymer concrete beams exposed to elevated temperatures (200 °C,
400 °C, 600 °C and 800 °C) has been discussed in this paper. Beams of size 150 mm (W) × 200 mm (D) ×
1100 mm (L) were cast with 0.52% reinforcing steel. Cover to the reinforcement has been varied (20 mm, 30 mm
and 40 mm) and the geopolymer concrete used had a cube compressive strength of 57 MPa. The deformation
characteristics, moment–curvature relationship and cracking behaviour were observed. It could be concluded
that, the deformation characteristics of reinforced geopolymer concrete beams at ambient temperature is similar
to that of the reinforced cement concrete beams and could be predicted using strain compatibility approach.
However, when they are exposed to elevated temperatures, the strain compatibility approach underestimates the
deformation behaviour of reinforced geopolymer concrete beams. Further, ductility of the geopolymer concrete
beams reduces rapidly with the increase in exposure temperature. Approximate equation has been proposed to
predict the service load crack width of geopolymer concrete beams after exposure to elevated temperatures.

1. Introduction

Consumption of concrete in the world is second to water [1]. Pro-
duction of cement, the binder material in concrete releases almost equal
quantity of CO2 to the atmosphere [17]. As a result, different methods
to minimize the use of cement in concrete, either partially or fully have
been attempted by many researchers [23]. One of such methods is to
use geopolymer (GP) concrete. Geopolymer completely replaces cement
in concrete and can be considered as an environment friendly con-
struction material than Ordinary Portland Cement (OPC) concrete.
Geopolymer, the binding material in geopolymer concrete, is formed by
alkali activation of amorphous alumino-silicate material under warm
atmosphere. It has been reported that, the geopolymer concrete having
compressive strength up to or even greater than 60 MPa could be easily
produced [13,4].

Fly ash is one of the alumino-silicate materials for making geopo-
lymer [23]. Fly ash is generated as a waste product at thermal power
stations and its effective disposal is a major concern across the world
due to the environmental and health hazard issues caused by it [16].
Use of fly ash as an alumino-silicate material for producing geopolymer
binder is an effective method of utilizing a waste material.

Geopolymer concrete is considered to be a promising construction
material in place of cement concrete due to its better performance like

resistance against acidic and sulphate exposure [19,22,3]; better
shrinkage and creep properties [13], etc. However, limited information
is available on the flexural behaviour of geopolymer concrete.

Sumajouw et al. [25] conducted test on reinforced geopolymer
concrete (RGC) beams of size 200 mm × 300 mm × 3000 mm. They
reported that the deformation and cracking behaviour of reinforced
geopolymer concrete beam is similar to that of reinforced cement
concrete (RCC) beam.

Chang [8] conducted study on the shear characteristics of RGC
beams and has observed that their shear characteristics are almost si-
milar to that of RCC beams.

Sumajouw et al. [24] conducted uniaxial bending test on 175 mm×
175 mm× 1500 mm size RGC columns and have reported that the load
caring capacity of RGC column correlate well with the value calculated
based on the stability analysis as well as the values calculated based on
the Australian standard and the ACI Building codes (for RCC). They
have suggested that the RGC can be used in place of RCC for columns.

Structural members are likely to be exposed to high temperatures
due to either functional or accidental cause like fire. High temperature
exposure may affect the flexural strength, shear strength, cracking be-
haviour, ductility etc. of flexural members [12,20,5,21]. However,
sufficient information is not available at present on the behaviour of
geopolymer concrete beams after exposure to elevated temperatures.
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Present paper reports the details of an investigation on the flexural
behaviour of fly ash based geopolymer concrete beams after exposure to
elevated temperatures.

2. Experimental program

In the present study, fly ash based GP concrete beams were cast and
were exposed to elevated temperatures at a constant rate of tempera-
ture incr ease (5.5 °C/min). Once the set temperature is reached
(200 °C, 400 °C, 600 °C and 800 °C), the specimens were cooled to
ambient temperature by air cooling. The specimens were then tested at
ambient temperature under two point loading and various flexural
parameters were observed.

2.1. Materials

Low calcium fly ash (ASTM Class F) obtained from a thermal power
station in India has been used for the present study. The chemical
composition of fly ash, as determined by X-Ray Fluorescence (XRF)
analysis is presented in Table 1 and the particle size distribution is
shown in Fig. 1. The fly ash used for the present study had 55% glass
phase, which could be observed from the XRD spectrum presented in
Fig. 2. The fly ash used had a specific gravity of 1.9.

A mixture of NaOH and Na2SiO3 solution was used as alkali solution
in the present investigation. NaOH pellets of 98% purity were used to
make sodium hydroxide solution. Na2SiO3 had 34.64% SiO2, 16.27%
Na2O and 49.09% water. The specific gravity of alkali liquid solution
varies slightly with change in molarity of NaOH solution and for the
molarity10, the specific gravity was 1.54.

Crushed granite aggregate of nominal size 20 mm was used as
coarse aggregate. Natural river sand was used as fine aggregate. The
fineness modulus of fine aggregate was 2.38. The specific gravity of
coarse and fine aggregate was 2.70 and 2.58 respectively. The coarse
and fine aggregate had 0.19% and 0.86% water absorption respectively.

2.2. Mix proportioning

Preliminary study has been conducted to arrive at the optimum
proportion of the various constituents of GP concrete and its details are
reported elsewhere [14]. Accordingly, the parameters that kept con-
stant in the present investigation includes the aggregate content by
volume (= 70%), the ratio of fine aggregate to total aggregate (=
0.35), the ratio of alkali to fly ashy by mass (= 0.55), the molarity of
NaOH (= 10), the ratio of Na2SiO3 to NaOH (= 2.5), and the ratio of
water to geopolymer solid (= 0.25). The quantity of materials required
to produce 1 m3 of GP concrete based on the above proportions is given
in Table 2.

The prepared 10 M NaOH solution was first mixed with the calcu-
lated amount of Na2SiO3 liquid, stirred well and kept for 24 hours be-
fore use. Coarse and fine aggregates in saturated surface dry condition
were thoroughly mixed with fly ash in a pan mixture. The alkali liquid
and a Naphthalene based superplastisizer (2% by weight of fly ash)
were mixed together and then added to the dry mix and the whole
materials were mixed together for 5 minutes.

2.3. Casting and temperature curing

Reinforced geopolymer concrete beams of size 150 mm (W) ×
200 mm (D) × 1100 mm (L) were cast in steel moulds. Deformed steel
bars were used for reinforcement. Two number of 10 mm diameter bars
were used as bottom reinforcement with two 8 mm bars as top hanger
bars. The shear reinforcement in the form of closed stirrup was made of
6 mm diameter bars and was spaced at 80 mm center to center. Fig. 3
depicts the reinforcement details of the GP concrete beam cast. Three
groups of beam were cast with a variation in the clear cover to bottom
reinforcement in each group (20 mm, 30 mm and 40 mm). In each
group, 5 beam specimens were cast. 150 mm size cubes were also cast
along with beam specimen to determine the strength of GP concrete.
After placing the steel reinforcement cage in position, fresh GP concrete
was poured into the mould and vibrated using a needle vibrator. Both

Table 1
Chemical composition of fly ash.

Sl. no. Parameter Content (% by mass)

1 SiO2 59.70
2 Al2O3 28.36
3 Fe2O3+Fe2O4 4.57
4 CaO 2.10
5 Na2O 0.04
6 MgO 0.83
7 Mn2O3 0.04
8 TiO2 1.82
9 SO3 0.40
10 Loss of ignition 1.06

Fig. 1. Particle size distribution of fly ash.

Fig. 2. XRD spectrum of fly ash.

Table 2
Quantity of material for 1 m3 of GP concrete.

Material Quantity (kg/m3)

Coarse aggregate 1204.00
Sand 648.35
Fly ash 309.85
NaOH solution (10 M) 48.69
Sodium silicate 121.72
Super plasticizer 6.20
Extra water 3.80
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beam and cube specimens were kept under laboratory condition for
60 min and then, after covering with thin steel plate, they were sub-
jected to heat curing in an electric oven at 100 °C for a period of 24 h.

The curing temperature and curing period were arrived at based on
a preliminary study [14]. After temperature curing, the specimens were
kept at room temperature till they were tested.

2.4. Heating and testing of beam specimens

Geopolymer concrete beams and corresponding cube specimens
were heated in an electric furnace to preset temperatures of 200 °C,
400 °C, 600 °C and 800 °C. The Specimens were heated at constant rate
of temperature increase (5.5 °C/min). After attaining the target tem-
perature, specimens were kept at the same temperature for one hour to
ensure a uniform temperature throughout the specimen. The heated
specimens were then taken out from the furnace and cooled down to
ambient temperature by air cooling. Reinforcing steel bars of diameter
10 mm and 8 mm were also kept in the furnace along with concrete
specimens for the determination of the residual strength of reinforcing
steel at different temperature exposures. The mechanical properties of
reinforcing steel after exposure to elevated temperatures are presented
in Table 3.

The GP concrete beams were tested under two point load, applied at
one third span. Fig. 4 shows the experimental setup for the specimens.

Demountable mechanical gauge (DEMEC) of 200 mm gauge length
was used for measuring strain across the depth of the beam at the mid
span of the specimen.

The beam was subjected to an incremental load of 3 kN. After every
load increment, DEMEC gauge readings were taken. Observations like
deflection, load at first crack, crack width, crack propagation etc. were
also noted at every load increment.

3. Result analysis

Table 4 shows the load at first crack and ultimate load on GP con-
crete beam tested after exposure to different temperatures.

From Table 4 it could be observed that, the load at first crack at
ambient temperature reduces marginally with increase in clear cover to
the reinforcement. However, for temperature above 200 °C, GP con-
crete beam with a clear cover of 30 mm shows slightly higher load
capacity to crack compared to beams with 20 mm and 40 mm cover.

The ultimate load on beams after exposure to temperatures above
200 °C is also slightly higher for beam with 30 mm cover compared to
that of beams with 20 mm and 40 mm cover. However, considering the
possible variation in the test results, it could be concluded that, the

variation of cover to reinforcement up to 40 mm has no significant
influence on first crack load and on the ultimate load of GP beam after
exposure to elevated temperatures.

It could be noted from Table 4 that, even though the cube com-
pressive strength of GP concrete is not reduced between 600 °C and
800 °C (because of further polymerization of initially unreacted mate-
rials), the load caring capacity of beams reduces rapidly beyond 600 °C.
This could be primarily due to the rapid strength reduction of reinfor-
cing steel in the beam at these temperatures.

Fig. 5 shows typical load deflection graph of GP concrete beams
after exposure to elevated temperatures. As expected, for a given load,
the deflection is more for a GP concrete beam exposed to higher tem-
perature. Larger deformation with temperature increase is due to the
development of more number of micro cracks as well as due to the
reduced strength of materials (concrete and steel) at elevated tem-
peratures. It may be noted from Fig. 5 that, the rate of increase of de-
flection of beam slightly reduces when the temperature is increased
from 600 °C to 800 °C as against the rate of increase of deflection of
beam exposed to a temperature up to 600 °C. This behaviour is more
predominant after the initiation of crack and is primarily due to the
slight strength gain of GP concrete beyond 600 °C.

Fig. 6 shows typical moment curvature (m-φ) relationship of GP
concrete beam after exposure to elevated temperatures. It could be seen
from Fig. 6 that, for lower temperature exposures, the m-φ relationship
shows a bilinear curve, which is similar to RCC beams [15]. Further, a
definite yield stage could be observed for GP concrete beams when they
are exposed to a temperature up to 400 °C. However, beyond 400 °C,
the cracking stage could be identified and the m-φ curve becomes
multi-linear. Further, a clear yield stage of the beams is not visible in m-
φ relationship for temperature exposure beyond 400 °C. The curvature
of the beam also increases beyond 400 °C. This is due to the develop-
ment of more number of internal cracks as well as due to the low re-
sidual strength of materials beyond 400 °C.

Fig. 7 compares the experimental m-φ relationship of beam with the
theoretical values for two extreme temperature ranges considered in the
present study as a typical case. For specimens exposed to a temperature
within the extreme temperatures presented, the m-φ relationship also

Fig. 3. Reiforcement detais of GP concrete beam.

Table 3
Mechanical properties of reinforcing steel after exposure to elevated temperatures.

Exposure temperature (°C) Yield strength of steel
(MPa)

Modulus of elasticity of
steel (MPa)

Ambient (28) 460 205,240
200 460 205,090
400 440 202,620
600 400 188,490
800 360 172,250

Fig. 4. Experimetal set up for loading of GP concrete beam.
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lies between these two extreme curves. The theoretical m-φ curves were
obtained based on strain compatibility criteria [18] and by considering
the strength and modulus of elasticity of the materials corresponding to
the respective exposure temperatures.

From Fig. 7, it could be observed that, the experimental m- φ re-
lationship has been predicted correctly using strain compatibility ap-
proach at ambient temperature. However, as the exposure temperature
increases, the theoretical values underestimate the curvature up to the
yield moment. It may be noted that, while theoretical curve shows a
bilinear behaviour, experimental curve (800 °C temperature exposure)
shows a multi-linear variation. However, towards the ultimate moment,
the theoretical value approaches the experimental value.

Fig. 8 compares the curvature of beams at cracking stage and
yielding of reinforcement after exposure to different temperatures.

From this figure, it is clear that, the curvature of GP concrete beams
varies linearly with temperature for loads between the cracking stage of
concrete and yielding of reinforcement. However, this variation is not
predicted in the theoretical calculation of curvature for beams loaded
between cracking stage and the stage corresponding to the yielding of
reinforcement.

Ultimate moment of resistance of GP concrete has been calculated
theoretically in a way similar to the calculation for RCC beams and by
considering the strength and modulus of elasticity of the materials
corresponding to the respective exposure temperatures. It may be noted
that there is only marginal difference between the predicted experi-
mental values (within 12%). Hence it could be concluded that, the m-φ
relationship of geopolymer concrete beam at ambient temperature be-
haves similar to RCC beams and it could be predicted well by adopting
the strain compatibility criteria. However, as the exposure temperature
increases, the theoretical method (strain compatibility method) very
much underestimates the curvature between the values corresponding

Table 4
Load at fist crack and ultimate load on geopolymer concrete beam.

Temperature Cubecompressive strength of GP concrete (MPa) Load at fist crack (kN) Ultimate load (kN)

20 mm cover 30 mm cover 40 mm cover 20 mm cover 30 mm cover 40 mm cover

Ambient 57.30 45 43 40 101 99 98
200 °C 42.52 42 42 36 94 95 92
400 °C 37.33 36 39 33 92 92 78
600 °C 30.82 33 36 33 85 90 75
800 °C 32.88 30 33 30 68 75 66

Fig. 5. Typical load deflection curve of geopolymer concrete beam after exposure to
elevated temperatures.

Fig. 6. Typical moment curvature curve of GP concrete beam after exposure to elevated
temperatures.

Fig. 7. Typical experimental and theoretical moment curvature relationship of GP con-
crete beam after exposure to ambient and 800 °C temperatures.

Fig. 8. Variation of experimental and theoretical curvature at first crack of beam and at
yielding of reinforcement with different temperature of exposure.
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to first cracking of the beam and yielding of the reinforcement.
Table 5 shows the ductility ratio of GP concrete beam (typical) after

exposure to elevated temperatures. The ultimate curvature has been
considered as the curvature corresponding to 95% of the ultimate load.
It could be observed from Table 5 and Fig. 6 that, both ultimate mo-
ment (Mu) and yield moment (My) reduces more or less at a constant
ratio with temperature. However, the ductility of GP concrete beam
reduces as the exposure temperature increases. This is because of the
fact that, while the curvature at yielding of steel (φy) increases with
temperature, the curvature at ultimate stage (φu) reduces.

Different codes of practices propose different permissible maximum
crack width based on the exposure conditions. These maximum per-
missible crack widths range from 0.1 mm to 0.3 mm in BS [7] and BIS
(IS 456 2000) code of practices and ranges from 0.1 mm (0.04 in) to
0.4 mm (0.16 in) in the case of ACI code (ACI 318 [2]).

Once the beams are exposed to elevated temperatures, existing
cracks, if any, may widen under service load, leading to unacceptable
serviceability conditions. So a beam after exposure to elevated tem-
perature may have to have either reduced service load or to have ad-
ditional protection, primarily corrosion protection to the reinforcing
steel. Hence it is important to understand the extent of the crack de-
velopment at service load stage after beams are exposed to elevated
temperatures. Fig. 9 shows typical crack pattern of GP concrete beam. It
could be observed from Fig. 9 that, the crack pattern is similar to that of
RCC beam.

To the best of the authors‟ knowledge, there is no equation avail-
able to predict the crack width of GP concrete beam after exposure to
elevated temperatures. Hence the suitability of available equations for
RCC beams has been checked for the crack width prediction of geo-
polymer concrete beams. The equations proposed by different in-
vestigators and code of practices [10,11,6,9] have been considered in
the present study. As these equations are proposed primarily for crack
width calculation at ambient temperature, appropriate residual
strength parameters of GP concrete and steel at elevated temperatures
were used in these equations for predicting the crack width at elevated
temperatures.

Figs. 10 and 11 show typical graph comparing the experimental
results with the theoretically calculated crack width at different ex-
posure conditions and for different values of cover to the reinforcement.

It could be observed from these figures that, while some predictions
underestimate the crack width, some overestimates. However, the rates
of development of crack width with temperatures calculated based on
the equations considered is more or less the same as that of the

Table 5
Ductility ratio of GP concrete beam after exposure to different temperatures.

Exposure Temperature (°C) Mu (kN m) My (kN m) Mu/My Φu (radian/mm) Φy (radian/mm) φu/φy

Ambient (28) 15.8 14.1 1.12 0.000188 0.000040 4.7
200 15 13.3 1.13 0.000176 0.000040 4.4
400 14.1 12.2 1.16 0.000165 0.000048 3.4
600 13.3 11.2 1.19 0.00016 0.000080 2.0
800 10.83 9.6 1.13 0.000158 0.000095 1.7

Fig. 9. Crack pattern in GP concrete beam.

Fig. 10. Comparison of theoretical and experimental crack width at different temperature
exposure (30 mm cover).

Fig. 11. Comparison of theoretical and experimental crack width at different temperature
exposure (40 mm cover).

Fig. 12. Variation of crack width with temperature for different load ratios and cover to
the reinforcement.
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experimental curve.
Fig. 12 shows the variation of the crack width (from 0.1 mm to

0.3 mm) with respect to the exposure temperature of GP concrete
beams. The variation of crack width with temperature has been plotted
for beams with different cover (20 mm, 30 mm and 40 mm) and for
load ratios (ratio of applied load to the ultimate load -l/ul) ranging from
0.4 to 0.7. The logic behind considering the load ratio between 0.4 and
0.7 is to consider the load ratios corresponding to the service load
conditions (by assuming the service load as 2/3rd of the ultimate load
-l/ul = 0.67).

From Fig. 12, it could be observed that the development of crack
width is almost in a linear pattern with temperature rise for all beams
(with cover 20 mm to 40 mm) and under the load ratios considered (l/
ul from 0.4 to 0.8). Hence, if the average slope of the curves is known, it
is possible to assess the increased width of crack of GP concrete beam
due to temperature exposure. In the present investigation, the average
slope of the curve could be assessed as 1 in 1000.

Fig. 13 shows the scatter diagram of the crack width verses the load
ratio of GP concrete beams tested at ambient temperature. From this
scatter diagram, it could be seen that, a linear equation could be pro-
posed to predict the crack width of GP beam at ambient temperature.

Accordingly, following approximate equation could be proposed for
the determination of crack width of GP concrete beam subjected to
service loads (load ratio between 0.4 and 0.8) at ambient temperature.

= < <C (6667/10000)(l/ul)–(2274/10000) with 0.4 (l/ul) 0.8wa (1)

where, Cwa is the crack width at ambient temperature in mm and the
equation is valid for a crack width between 0.1 mm and 0.3 mm.

Hence, the approximate values of the crack width of GP concrete at
service loads and after exposure to an elevated temperature of T °C
could be determined by the following equation.

= + < ≤C C (T/10000) with 28 T 800wt wa (2)

where, Cwt is the crack width in mm at a temperature exposure of T °C.
So using Eqs. (1) and (2), the service load on a GP concrete beam

could be assessed (l/ul) after exposed to temperatures for a predicted
maximum crack width (C wt) and temperature exposure ( T). Fig. 14
shows the comparison of experimental values and the values based on
Eq. (2). From the Fig. 13 it is clear that, Eq. (2) could be used for
predicting crack width approximately after exposure to different tem-
peratures.

4. Conclusions

Based on the study carried out on geopolymer concrete beams,
following conclusions could be made Even though the cube compressive
strength of geopolymer concrete is not reduced between 600 °C and
800 °C (because of polymerization of initially unreacted materials), the
load caring capacity of geopolymer concrete beams reduces rapidly
beyond 600 °C.

The primary factor contributing to the loss of load carrying capacity
of geopolymer concrete beams exposed to temperatures above 600 °C is
the strength reduction of the reinforcing steel.

The load corresponding to the development of first crack in a geo-
polymer concrete beams reduces with increase in exposure temperature
and is dependent on the depth of concrete cover to the reinforcement.
In the present study, at 800 °C temperature exposure, while beam with
20 mm cover cracked at 66% of the load corresponding to the cracking
load at ambient temperature, the beam with 40 mm cover cracked only
at 75% of the said load.

The moment–curvature relationship of geopolymer concrete beams
at ambient temperature is similar to that of RCC beams and this could
be predicted using strain compatibility approach.

Once geopolymer concrete beam is exposed to elevated tempera-
tures, the strain compatibility approach underestimates its curvature
between load at first cracking and load corresponding to the yielding of
reinforcement.

With the increase in temperature, the ductility of the geopolymer
concrete beams reduces rapidly.

As the exposure temperature increases, the geopolymer concrete
beam experiences an increased value of yield curvature with a reduced
ultimate curvature. For the present study, the geopolymer concrete
beam lost its ductility by 64% after exposure to a temperature of 800 °C.

Approximate equation has been proposed to predict the service load
crack width of geopolymer concrete beams after exposure to elevated
temperatures. This equation could be used to limit the service load on
geopolymer concrete beams for a pre defined crack width (from 0.1 mm
to 0.3 mm) after the beam is exposed to an elevated temperature (up to
800 °C).
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