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As a promising alternative to OPC concrete, geopolymer concrete has been investigated and has demonstrated superior mechanical
performance. Studying the thermal behaviour on the scale of a structural element is significant for introducing a new material to
engineering applications. Four geopolymer concrete beams and four OPC concrete counterparts with the same reinforcement
structure and similar concrete strength were subjected to three different heating cases at the rate of ISO834. The experimental
results showed that the geopolymer concrete beams underwent a colour change, severe cracking, and no spalling after the exposure.
While under load, the geopolymer concrete specimens exhibited a lower crack resistance and flexural stiffness. The residual load
capacities were 110%, 107%, and 90% of the ambient specimen for the geopolymer concrete samples and 103%, 97%, and 80% for
the OPC concrete samples. To some extent, the geopolymer concrete beams achieved superior fire endurance compared to their
OPC concrete counterparts.

1. Introduction

With the increasing awareness of emission reduction in all
industries, geopolymer concrete (GC) has been seen as a
promising alternative to ordinary Portland cement (OPC)
concrete. Due to the use of industrial by-products, such as
fly ash (FA), ground granulated blast furnace slag (GGBFS),
metakaolin, and mine tailings, the carbon footprint emitted
by the production of geopolymer cement is reported to be
80%–90% less than that of OPC [1]. These raw materials,
which are abundant in aluminium and silicon, can easily dis-
solve in alkaline solution, breaking down to covalentO-Si and
O-Al and eventually forming a Si-O-Al tetrahedral structure
[2]. The reaction is called alkali activation or geopolymeriza-
tion. Among the abovementioned synthesis precursors, FA
and GGBFS wastes from electricity plants and iron works,
respectively, have been found to be suitable for geopolymer
cement. Bothmaterials, which have huge annual productions,
need no more calcinations than metakaolin and require less
energy during fabrication. GGBFS was first employed as an
additive to FA-based GC, which generally needs thermal
curing to catalyse the reaction for better strength. Reports [3–
5] showed that the addition of GGBFS with an angular shape

not only enhanced its early-stage strength but also enabled it
to attain a strength and workability similar to those of heat-
cured GC dominated by FA with a spherical shape at room
temperature.

With decades of development, there have been numerous
investigations, patents, and applications of GC [6], but the
current use of this material in building construction is
rare. The distinctive mechanical properties of GC have been
extensively investigated in structural components, including
beams, columns, panels, and pipes [7]. Sumajouw et al. [8, 9]
pioneered and examined six underreinforced GC beams with
various reinforcement ratios for flexural failure. The load
capacities of another sixteen beams were also evaluated and
compared to AS 3600 [10]. The results revealed that the
flexural behaviours of GC specimens were similar to those
of conventional cement concrete in terms of the effect of
the reinforcement ratio on flexural capacity and the ductility
index. Other investigations [11–15] also reported analogous
performances of both types of beams in bending tests, such as
first cracking load, crack width, load-deflection relationship,
flexural stiffness, ultimate load, and failure mode. It was also
reported that the capacities computed fromAS 3600 [10], ACI
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Table 1: Chemical composition of FA and GGBFS (mass%).
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FA 32.31 13.47 12.3 25.95 9.02 0.45 3.94 0.69 0.02 0.54 0.18
GGBFS 30.64 11.62 0.44 42.29 8.46 0.57 2.05 1.46 0.03 0.42 0.5

318 [16], and IS 456 [17] were more conservative than the
experimental results [9, 11, 12]. Hence, the existing codes were
suitable for designing GC beams with conservative test-to-
prediction ratios. The GC beams were also shown to present
an equal or higher shear capacity than that of OPC concrete
beams [12]. All the articles above laid the foundation for the
construction application of GC.

However, before putting any new building materials into
practice, they should have a certain degree of fire resistance.
Materials that lack fire resistance could lead to the catas-
trophic loss of life and property, especially if the impaired
structure collapses. Due to the ceramic-like properties of
geopolymer matrix, GC was widely believed to possess better
fire resistance than OPC concrete [18, 19]. Previous studies
[20–22] investigated various systems of GC with respect to
residual strength, as well as the mechanisms of deterioration
on the macroscale and microscale. Though different types of
rawmaterials might lead to contrasting thermal performance
[18], an agreement on the three main causes of deterioration
was reached: pore pressure, phase transformation [23], and
incompatible deformation [21]. It was also proved in other
geopolymer systems that the precursor type, specimen size
[21], aggregate size [21], and heating regime [24] could
affect the residual strength of GC. Limited studies [25, 26]
highlighted the effects of high temperature on GGBFS/FA
geopolymer materials. Guerrieri and Sanjayan [26] analysed
the compressive strength of a combined FA and GGBFS
geopolymer paste after exposure to 800∘C with variables of
mixture proportion, alkaline solution modulus, and sodium
dosage. It was shown that the residual strengthwas influenced
by the initial strength and that GC with a low initial strength
would be enhanced by further hydration and sintering. Ren et
al. [25] investigated the residual behaviour of FA/GGBFS GC
subjected to different temperatures and cooling regimes. The
weight change, strength loss, and ultrasonic characteristics
were studied.

Despite the numerous works onGC in the shape of a cube
or cylinder, the results cannot be translated into the thermal
performance of larger specimens embedded with reinforce-
ments. Likewise, though GC members behaved similarly to
OPC concrete components in ambient conditions, the effects
of elevated temperature and rawmaterial type should be con-
sidered because of the distinct chemical reactivity and bulk
matrix of the geopolymer binder. A study on the behaviour of
damaged reinforced GC after elevated temperature exposure
was not found. To the authors’ knowledge, only Sarker and
Mcbeath [27] examined the fire endurance of a FA-based
GC panel. The report revealed that GC panels achieved less
cracking, no spalling, and a higher residual load capacity than
the OPC concrete counterparts. Furthermore, specimens in
most works were subjected to a certain temperature, which

did not mimic the actual conditions of a fire with a serious
rate of increase in temperature.

In this research, four GC beams and four OPC concrete
beams were fabricated and tested under a four-point flexural
load after three diverse temperature exposures. The mid-
span deflection, crack development, and load capacity were
examined and compared to those of OPC concrete beams.
Each heating regime was controlled at the rate of ISO834
[28], the most widely adopted temperature curve for fires.
The experimental data presented in this paper may assist
in the application of GC to the sustainable development of
infrastructure construction.

2. Experimental Work

2.1. Materials. Commercially available F class (low calcium)
FA and normal GGBFS were prepared for GC specimens.
GGBFS had a density of 2.9 g/cm3 and a specific surface
area of 470m2/kg. The chemical proportions of GGBFS and
FA determined by XRF are tabulated in Table 1. General-
purpose Portland cement was procured for OPC specimens.
The alkaline activator utilized was a sodium silicate solution
developed with an ordinary sodium silicate solution, sodium
hydroxide flakes with 98% purity, and tapwater.Themodulus
(SiO
2
/Na
2
O by mass) of the sodium silicate solution was

3.13 (SiO
2
= 25.72%, Na

2
O = 8.48%, and water = 65.8%).

Aggregates, including fine aggregates and coarse aggregates,
were employed in the SSD condition. The coarse aggregates
were crushed limestone from a local quarry with a size of
5–35mm, and the fine aggregates were river sand with a
fineness modulus of 2.58. The reinforcement of every beam
was normal ductility deformed bars.

2.2. Mixture Proportions. It was noted that the moisture
content and themodulus of the alkaline activator would affect
the workability and strength of GC [29, 30]. Based on many
trial experiments, the modulus and the water content of the
alkaline activator were adjusted to 1.8 and 73%, respectively,
by adding extra NaOH and water. The NaOH solution was
prepared one day prior to casting. The mixture proportions
of GC and OPC concrete are provided in Tables 2 and 3. The
initial strength of both concretes and reinforcement is given
in Figure 6.

2.3. Specimen Preparation. Four GC beams, four OPC con-
crete beams, and the corresponding heating cases are listed in
Table 4. As shown in Figure 1, the same size, same reinforce-
ment design, and similar concrete strengths were controlled
for a credible comparison. The reinforcement ratio of the
longitudinal tensile bars was 1.6% (𝐴

𝑠
= 628mm2, ℎ

0
=

257mm), indicating an underreinforced design. The stirrups
were placed along the shear span in case of shear failure.
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Figure 1: Test sample details.

Table 2: Geopolymer concrete mixture composition (kg/m3).

GGBFS FA Sand Coarse aggregates Alkaline activator
Sodium silicate Sodium hydroxide Water

140 210 644 1196 134 11 65

Reinforcement-structured and woodenmoulds were fab-
ricated onsite. GC and OPC concrete were mixed in a span
mixer with a power of 4 kW. The manufacturing procedure
of geopolymer specimens was as follows: (1) blend the
GGBFS, FA, and fine aggregates for 2min; (2) add coarse
aggregates and dry-mix them for another 1min; (3) add
alkaline activator andmix it for a final 1min; and (4) pour the
mixture into the moulds and compact them with an electric
vibrator. The specimens were demoulded 1 d after casting,
sprayed with water, and covered with plastic film for 30 d
for the ambient curing. Before the thermal exposure, the
specimens were put in a cool and dry place to reach SSD.
Three concrete cubes and two 500mm samples of tensile
rebar were derived from each specimen.

2.4. Heating Regime. Three heating treatments were used in
this work: Case (I) 400∘C for 1 h; Case (II) 600∘C for 1 h;

Table 3: OPC concrete mixture composition (kg/m3).

Cement Sand Coarse aggregates Water W/C ratio Sand ratio
488 599 1163 200 0.41 34

and Case (III) 600∘C for 2 h. ISO834 [28] was employed to
simulate the temperature in an actual fire. A gas furnace
was used to calcinate the specimens. It had a two-clamshell
structure insulated by high alumina fibre blankets with one
thermocouple and four burners equipped on each shell. The
specimens were placed upside down onto the insulation to
create a three-face burning scenario. The furnace could be
automatically operated using stored programmes. When the
temperature reached the target, the furnace would automat-
ically hold for the scheduled time and then cut off the gas
to let the specimens cool to room temperature inside. The
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Table 4

Material Heating case Temperature Sample ID

Geopolymer
concrete

— Ambient GB-A
(I) 400∘C GB-4
(II) 600∘C-1 h GB-6
(III) 600∘C-2 h GB-6-2

OPC concrete

— Ambient OB-A
(I) 400∘C OB-4
(II) 600∘C-1 h OB-6
(III) 600∘C-2 h OB-6-2

reserved samples were heated in the corresponding heating
case simultaneously (see Figures 2 and 3).

2.5. Loading Regime. As shown in Figure 1, the specimens
were under four-point load through a steel force distributor.
The force was implemented by an electrohydraulic servo
testing system (HONGSHAN China) with a maximum load
of 500 kN which can also automatically record the loads. A
preload of 5 kN was applied to detect the possible disorder of
instruments and ensure contact between every component.
After zero setting, step loadingwas operated. 20 kN and 10 kN
load for each step were used before and after the yielding of
reinforcement, respectively.The load in each stepwas held for
5min and all measurements were recorded before and after
the holding duration.

2.6. Measuring Method

2.6.1. Deflection. To measure the actual mid-span deflection,
avoiding the influence of the support settlement, three elec-
tronic dial indicators were placed to gauge the deflection and
the support settlement separately. At the beginning and end
of the load holding duration, all data weremanually recorded.

2.6.2. Cracks. The temperature cracks were traced on the
specimens with a marker pen after thermal exposure. During
the load holding, the opening and spacing of stressed cracks
were likewise traced. The widths of the main cracks were
detected twice at the beginning and end of the hold duration
using a readingmicroscope at the position of the longitudinal
steel bar. For safety, the data near the failure of the beamwere
not measured.

3. Results and Discussion

3.1. Physical Observation. Both specimen types underwent
qualitative changes, including a colour change and temper-
ature cracking, after being subjected to an elevated temper-
ature. The colour of the GC specimens turned to dark grey,
light grey, and pink in the three heating cases, respectively.
However, the colour of each specimen was nonuniform,
whichmight have resulted from the air motion in the furnace
and the location of each specimen. Some beams also locally
became orange, which was ascribed to the high iron content
of FA that induced a kinetic ferrihydrite-hematite phase
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Figure 2: Temperature curves.
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change [31]. Comparatively, the colour changes of the GC
specimens were more obvious, which could reflect the degree
of damage to the structures.

The thermal cracking was affected by pore pressure, ther-
mal deformation, and phase change of geopolymer.The steam
pressure caused the initial cracks. However, the shrinkage
of geopolymer and corresponding incompatible deformation
with coarse aggregates were primary causes because when
aggregates expanded in high temperature, the geopolymer
exhibited evident shrinkage [20, 22, 23]. Meanwhile, the
dehydroxylation and dehydration were typical and dominant
phase changes of FA geopolymer at around 600∘C, which also
led to shrinkage.

Temperature-induced crack nets covered each specimen,
and their area and width developed progressively with the
heating regimes. The distribution of the temperature cracks
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Figure 4: Load-crack width curves.

of both types of specimens was also nonuniform along the
length and height. Most cracks began at the top of the
specimen, which was not directly get burnt, and then spread
to the bottom, where fewer cracks opened. This might have
been caused by the asymmetric reinforcement structure,
where the thicker ribbed steel bars at the bottom provided
more powerful constraints.

In comparison, the temperature cracks of the GC spec-
imens were more crucial than those of the OPC concrete
specimens, which were more intense and wider. It was
reported that the shrinkage of the geopolymer binder was
more substantial than that of the OPC paste, especially when
Na
2
SiO
3
was used as the alkaline activator [32]; the binder

also demonstrated sharp shrinkage at high temperatures [22,
33]. On the other hand, the observation contradicted the
results in [27] that GC cracked less, whichmight be attributed
to the distinctive type of geopolymer system. It is worth
noting that more pores and no spalling phenomena were
observed in the GC specimens.

3.2. Cracks. The initiation and propagation of cracks indi-
cate the ability of structural members to serve as such. In
addition to the temperature cracks, flexural cracks and shear
cracks formed under load. The width of the failure crack of
each specimen is provided in Figure 4. The bearing cracks
generally developed along the temperature cracks with the
load energy dissipated among them. This led to curl cracks,
making it difficult to trace the cracks of some specimens,
such as GB-6-2, until failure. As the temperature increased,
the cracks propagated faster, the height of which decreased,
foreboding an overreinforced failure.

The GC beams cracked faster than the OPC concrete
beams. The flexural cracks almost emerged in the first load

step, and all appeared in the second or third load step; one
or two of these cracks developed to failure cracks. The shear
cracks initiated later but becamewider andmore intense than
the flexural cracks, the latter indicating the pronounced dete-
rioration in shear capacity. One GC specimen experienced
shear failure, and the phenomenon did not fit the description
in [12] that GC beams acquired an equal or higher shear
capacity.

As shown in Figure 4(a), there was no distinct regularity
in the crack width with varying heating cases. The exposed
specimens developed wider cracks than the ambient samples,
and GB-4 developed the widest cracks. The curves were con-
centrated with a similar trend under a lower load (<150 kN)
and then dispersed as the load increased. The appearance
and extension of the crack span revealed the plasticity of
the GC beams. After the yielding of the reinforcements, the
width of GB-A and GB-4 rose quickly with a slight increase
of load showing an improvement in capacity and a clear
portent of failure. However, the spans of GB-6 and GB-6-
2 were not detected, and they collapsed abruptly during the
load-sustained period.

It is revealed in Figure 4(b) that the cases with a gradual
change in temperature equally had little impact on the crack
width of the OPC concrete beams. The exposed specimens
even developed narrower cracks than the ambient ones.
Comparatively, the GC specimens displayed wider cracks
than the OPC concrete specimens under the same load.
The inferior crack resistance was not in agreement with
former research showing that GC had a residual tensile
strength higher than that of the OPC concrete. This might be
attributed to the compounded effects ofmultiple factors, such
as the bond properties and material type.
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Figure 6: Strength of reserved concrete and reinforcement.

3.3. Load-Deflection Results. Defection could imply some
mechanical changes to the beams, such as local buckling,
local cracking, and reinforcement slippage. As shown in
Figure 5(a), the two-stage curves of the GC specimens
included the inelastic stage with cracks, the slope of which
reflected the stiffness, and the plastic stage, which presented
the ductility and bearing capacity. The GB-4 curve corre-
sponded approximately to that of GB-A and even overtook
the latter in the second stage, demonstrating a higher capacity,
while the slope noted a slight reduction in stiffness. GB-6
and GB-6-2 displayed similar load capacities. However, the
smaller slope and the shorter plateau of GB-6-2 indicated

an evident decrease in stiffness and plastic deformation. As
shown in Figure 5(b), the OPC concrete specimens gained a
positively gradual reduction in bearing capacity and bending
stiffness upon thermal exposure. This was especially true for
OB-6-2, which achieved the smallest capacity and stiffness.
It should be noted that the plateau stage was not detected
for OB-6 and OB-6-2, which suddenly failed in the load-
keeping period without conspicuous plastic deformation.
Comparatively, the curves of GC specimens were below the
curves of the OPC concrete specimens, indicating the smaller
flexural stiffness of the GC specimens after being subjected to
elevated temperatures.

3.4. Load Capacity and Failure Mode. The failure mode of
each specimen was determined through the crack and deflec-
tion results, along with field observation. The pronounced
increases in crack width and deflection were considered to
be the marks of reinforcement yielding, and the yielding
load was correspondingly recorded; the ultimate load was
recorded automatically by the testing system.

The ambient specimen GB-A presented the typical failure
of an underreinforced beam under bending. From the yield-
ing of the steel bar to the crush of compressive concrete, the
capacity improvedwith a sharp increase in deflection, and the
width of the cracks clearly indicated the following collapse
with proper ductility. Nonetheless, the yielding features of
the exposed specimens, such as GB-4 and GB-6, were not
prominent, and the increment of capacity also decreased.
Some beams broke down without reinforcement yielding,
such as GB-6-2, which gained a slight increase in crack width
and deflection, along with shorter cracks, before failure. The
collapse of GB-6-2 started from the stratiform cracks on the
mid-span upper concrete and was followed by the heaving
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Table 5: Flexural bearing capacity of simply supported beams.

ID 𝑃y/kN 𝑃u/kN Reduction ratio/%
Type Geopolymer concrete
GB-A 250 268 —
GB-4 270 300 +11
GB-6 255 270 +0.7
GB-6-2 — 265 −1
Type OPC concrete
OB-A 285 301 —
OB-4 295 310 +3
OB-6 285 291 −3
OB-6-2 — 240 −20

and crush of concrete, conspicuous characteristics of an
overreinforced failure.

The evolution of the specimens’ capacities and damage
patterns was closely connected to the residual strength of the
concrete and reinforcement after being exposed to elevated
temperatures. As shown in Figure 6, the residual strength
of GC was higher than that of the OPC concrete, which
lost more strength for the same case. Furthermore, GC was
characterized by the strength gain behaviour observed in
Case (I). For the reinforcements, a shaper reduction in tensile
strength occurred after thermal exposure at 600∘C. It was
reported in [34, 35] that the basic properties of steel bars
could recover after being exposed to temperatures lower than
600∘C.

Table 5 provides the yielding capacity (𝑃y), ultimate
capacity (𝑃u), and the reduction ratio to the ambient speci-
men. GB-4 obtained a remarkable improvement in yielding
and ultimate capacity that was mainly attributable to the
strengthening behaviour of GC. The enhancement of GC
after temperature exposure was commonly reported in [18,
33, 36, 37] that the alkali activation of the remnant precursors
induced by ambient curing was catalysed by the high temper-
ature when free water was not liberated.The augmentation of
GC predominated over the damage brought about by vapor
pressure and thermal incompatibility. Meanwhile, the deteri-
oration of the rebar was relatively slight, and it was concluded
that GB-4 achieved the net result of a higher capacity.

In other cases, 600∘C was the critical temperature for GC
[25].The geopolymerization terminated because of the loss of
moisture, while the geopolymermatrix was still complete [33,
38, 39]. The main reasons for the decrease in cubic strength
might be the thermal incompatibility between the binder
and aggregates [22], which regularly amounts to between

65% and 80%. It was revealed in some studies [20, 22, 23]
that while coarse aggregates progressively expanded at ele-
vated temperatures, geopolymer binders experienced notable
shrinkage. Furthermore, dehydration and dehydroxylation
could be somewhat responsible for the reduction of strength
[37]. However, on a larger scale, GB-6 had a similar capacity
to GB-A. Because of the nonuniform temperature field of the
specimen, the outer concrete began to lose strength while the
inner part was strengthened. In addition, with the sharper
decrease of tensile strength for the rebars, GB-6 did not have
an improvement in capacity. Contributing to the weakest
GC and steel bars, GB-6-2 achieved the lowest capacity
without rebar yielding, demonstrating the characteristics of
overreinforced failure.

GC beams under a flexural load resembled the mechani-
cal performance and changing behaviour of theOPCconcrete
beams. The OPC specimens had a relatively obvious decline
in capacity. From the angle of the bearing capacity, the GC
beams had better fire resistance (see Figure 7).

4. Conclusion

The geopolymer concrete beams after exposure to elevated
temperatures experienced clear colour changes and temper-
ature cracks, which evolved with the aggravation of heating
conditions. The temperature cracks were more intense and
wider than those of the OPC concrete beams. The evident
features after fire exposure could be utilized to appraise the
extent of the fire damage of geopolymer concrete structures.
Under loads, the geopolymer concrete specimens cracked
earlier, developed more shear cracks, and exhibited lower
flexural stiffness than the OPC concrete counterparts. With
a similar failure mode to the OPC concrete beams, the
geopolymer concrete beams achieved a higher capacity in
Case (I) and retained more load capacity in the other heating
cases.

The structural performance of geopolymer concrete after
being subjected to elevated temperature was influenced by
multiple factors, and thematerial demonstrated some defects;
this was inconsistent to the behaviour of the ambient beams
and the behaviour described in former research. Further
investigations should be conducted to analyse the temper-
ature field and bond behaviour, as well as to improve the
crack resistance and flexural stiffness of GC for possible
applications.
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