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This paper reports stress versus strain curves of geopolymer tested while the specimens were kept at ele-
vated temperatures, with the aim to study the fire resistance of geopolymer. Tests were performed at
temperatures from 23 to 680 °C and after cooling. Hot strengths of geopolymer increased when the tem-
perature increased from 290 to 520 °C, reaching the highest strength at 520 °C, which is almost double
that of its initial strength at room temperature. However, glass transition behaviour was observed to
occur between 520 and 575 °C, which was characterised by abrupt loss of stiffness and significant visco-
elastic behaviour. The glass transition temperature is determined to be 560 °C. Further, the strength
reductions occurred during cooling to room temperature. This is attributed to the damage due to brittle
nature of the material making it difficult to accommodate thermal strain differentials during cooling

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The term ‘geopolymers’ are generally applied to describe mate-
rials which are formed through hydrothermal synthesis of alumi-
nosilicates in the presence of concentrated alkaline or alkaline
silicate solution [1]. They have great potential to be used as build-
ing materials alternative to traditional Portland cement because
strength, stiffness and other mechanical properties of geopolymers
are comparable to Portland cement concretes. Further, geopoly-
mers are produced from fly ash which is an industrial by-product,
hence geopolymers are not responsible for large carbon footprint
like Portland cement. Geopolymer concrete can be made by using
low-calcium (ASTM Class F) fly ash [2-4]. Rangan et al. [2-4] re-
ported that geopolymer concrete exhibited very little shrinkage
and superior durability in sulphate environments. Besides the
above advantages, another key benefit of geopolymers is their
intrinsic fire resistance originating from their inorganic framework
structure [5]. Due to this benefit, geopolymers are attracting
increasing interest to be used as ecologically friendly fireproof
building materials.

The previous studies [6-10] of geopolymers have been con-
ducted to investigate their residual mechanical properties after
exposure to elevated temperatures. Despite a number of publica-
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tions suggesting the advantages of geopolymers in high tempera-
ture applications and showing evidences of their ability to have
high residual strengths after exposure to 800 °C, the studies have
not focused on their mechanical properties in the hot state. Behav-
iour of geopolymer at high temperatures while hot is important to
assess the fire endurance of structures made with this material.

Therefore, the primary aim of the investigation was to experi-
mentally study the mechanical properties of geopolymer at ele-
vated temperatures. Since the material in a structure is normally
in a stressed state, the effect of heating the specimen whilst under
stress was also investigated. To provide data for estimating the
strength of geopolymer after a fire, the effect of heating the speci-
mens and testing when cooled was investigated as well. The phys-
ical evolutions, such as thermal deformation and weight loss of
geopolymer, were also investigated and related to its changes in
the mechanical properties.

2. Experimental program
2.1. Materials

Fly ash (ASTM Class F) was used as the main aluminium and sil-
icate source for synthesising of geopolymeric binder. It is mainly
glassy with some crystalline inclusions of mullite, hematite and
quartz. The chemical composition of the fly ash used in this exper-
imental program is shown in Table 1.
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Table 1

Chemical composition of fly ash.
Chemical Component (%)
Al,03 30.5
Si0, 48.3
Ca0 2.8
Fe,03 121
K,0 0.4
MgO 1.2
Na,0 0.2
SO5 0.3
Loss on ignition 1.7

Sodium silicate solution (Na,SiO3) with specific gravity of
1.53 g/cc and sodium hydroxide (NaOH) flakes of 98% purity were
supplied by PQ Australia. The chemical composition of the sodium
silicate solution was Na,O = 14.7%, SiO, = 29.4% and water = 55.9%
by mass. Na,SiO3 and NaOH solutions were mixed one day prior to
usage.

2.2. Specimen preparation

The geopolymer was synthesised from fly ash and a combina-
tion of sodium silicate solution and sodium hydroxide solution.
The mixture of geopolymer was formulated with the molar oxide
ratios 5102/A1203 =3.21, NaQO/A1203 =0.41 and HzO/Nazo =12.88.
The materials were proportioned by weight and the mixing was
conducted in a mechanical mixer of 201 of capacity at 80 rpm for
5 min. Cylinder specimens were made for testing by using moulds
of diameter 24 mm and length 48 mm. All the moulds were grad-
ually filled and compacted in layers using vibration, and were
sealed by plastic sheets. The covered moulds were cured in an oven
at 60 °C for 18 h. After curing, specimens were de-moulded and
kept in the laboratory until testing. In order to obtain smoother
ends, the specimens were polished with a rock-grinder machine
before testing. Specimens were tested at an age of 28 days.

2.3. Test apparatus

All the compressive strength tests were carried out on a closed-
loop servo-control (500 kN) hydraulic pump actuator with a load-
ing frame and an electric furnace. Fig. 1 shows the test apparatus
(loading frame with furnace), while Fig. 2 shows the schematic dia-
gram of the test set-up. The furnace, which contains a robust cera-
mic liner, provides heat uniformly around the specimen, since it is
axis-symmetrical in design. The furnace has two 50 mm diameter
openings, one at the top and one at the bottom, to allow high-tem-
perature alloy loading rams to transmit compressive load from the
test machine to the specimen being heated in the center of the fur-
nace. The alloy loading rams were enclosed by ceramic tubes
which protect the loading rams from direct thermal exposure.
One concrete cylinder of 150 mm diameter and 150 mm height,
made of high strength concrete, was placed on the top of the alloy
loading ram as a heat insulator to protect the test machine from
extreme temperature. The specimens were encased in a wire mesh,
made of nickel-based alloy, to protect the interior of the furnace
from explosion when specimens were crushed.

2.4. Heating and test procedure

Thermocouples were installed in two specimens in order to
measure representative temperature. Two thermocouples were in-
stalled at mid-height of each specimen, one at the center and the
other at the surface of the specimen. In the current investigation,
the relatively small size (24 mm diameter) sample was used and

Fig. 1. Test equipment-loading frame with furnace.
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Fig. 2. Schematic of test set-up (all dimensions in mm).
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a heating rate of 5 °C/min was adopted. This heating rate is consis-
tent with RILEM 129-MHT [11] standard recommendation, where
maximum heating rates of 0.5, 1, 2 and 4 °C were recommended
for 150, 100, 75 and 50 mm diameter samples, respectively. The
heating regime (Fig. 3) was as follows: the specimens were heated
at 5 °C/min to their test temperatures; the temperature was then
maintained for a period of 60 min, which in the preliminary test
was found to be sufficient for reaching a nearly stable state within
specimens. During the heating process, moisture in the specimens
was allowed to escape freely. The specimens intended for residual
strength testing were cooled by furnace cooling, i.e., left to cool
with furnace switched off, until the samples reached room
temperature.

A loading rate of 20 MPa/min was adopted for tests in this pro-
gram which is consistent with the Australian standards and
slightly lower than the 30 MPa/min proposed in RILEM 129-MHT
[11] standards. It has been reported [12] that loading rate in the
range of 6-600 MPa/min had no significant influence on compres-
sive strength of cementitious materials.

In order to obtain data in the post failure region of the stress—
strain curve, each specimen was also tested in a displacement con-
trol regime. At each temperature, the displacement rate was calcu-
lated based on the data taken from the test specimens that were
crushed in load control regime. This displacement rate of geopoly-
mer was altered by the increased plastic deformation as tempera-
ture increases, which was similar to that reported in Ordinary
Portland Cement (OPC) concrete [13]. In the range of 23-520 °C,
the displacement rate was 0.385 mm/min, and it was increased
to 1.106 and 5.364 mm/min at 575 and 680 °C, respectively; there-
fore all specimens were loaded approximately at the rate of
20 MPa/min. The load and deformation of specimens were re-
corded continuously during each test.

A list of various tests carried out is presented below:

1. Reference strength test: the specimens were loaded to failure in
both load and displacement control regime prior to heating.

2. Hot strength test: the specimens without being subjected to
load were heated to the required temperatures and then loaded
to failure while hot. Both load and displacement control
regimes were applied during loading.

3. Stressed strength test: the specimens were first loaded in com-
pression to a particular pre-determined load and then heated to
the required temperatures. The load was then increased under a
constant loading rate until failure occurred. Tests were per-
formed at stress levels of 0.254, and 0.500,, where o, is the ref-
erence strength at room temperature before heating.

4. Residual strength test: the specimens without being subjected
to load were heated to the required temperatures and then
allowed to cool within the furnace. The specimens were
strength tested at room temperature. Both load and displace-
ment control regimes were applied during strength tests. These
tests were performed within two days of the tests of their com-
panion in the hot strength tests as mentioned above in item (2).

Stage II
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200 +———
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23

Stage 111
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Fig. 3. Elevated temperature exposure regimes.

The TGA (Thermogravimetric Analysis) was conducted using a
TG92-Setaram, with the temperature of the furnace programmed
to rise at a constant heating rate of 5 °C/min up to 800 °C, under
air flow.

The sorptivity test relies on a set-up where one face of the spec-
imen is immersed to a depth of 1-2 mm and the water absorption
by the specimen is monitored with time. The details of this test can
be found in ASTM C1202-94. The results of the test provide a useful
indication of the microcrack density of cementitious materials [14-
16]. The specimens (before thermal exposure) used in sorptivity
test were dried in an oven at 105 °C until there was no reduction
in the specimen mass.

3. Results
3.1. Strain with temperature under constant load

The results of the strain of geopolymer specimens under differ-
ent loads, as a function of temperature, are shown in Fig. 4. The
strain curves show a region of very small expansion between 23
and 150°C. It was followed by a small shrinkage from 150 to
290 °C. Then, a moderate level of expansion commenced at approx-
imately 290 °C and continued until 520 °C. Above 520 °C, geopoly-
mer specimens underwent significant contraction for the
remainder of the temperature range up to 680 °C. With increasing
stress levels, geopolymer specimens exhibited a tendency for an
increase in compressive strain (contraction).

3.2. Strain with time under constant temperature and load

Fig. 5 shows change in strain (creep strain) with increasing time
when the geopolymer specimens were subjected to constant load
and temperature. In this case, the specimens were subjected to a
constant stress/initial strength ratio of 0.25. It can be seen from
the figure that geopolymer specimens exhibited expansion at 380
and 520 °C but shrinkage at 575 and 680 °C. The magnitude of
strain was constantly increasing with increasing temperature;
regardless of the strain direction (either expansion or contraction).
Further the rate of change of the magnitude of strain decreased
with time for each temperature (i.e. 380, 520, 575 and 680 °C). Half
of the total strain measured typically occurred within the first
15 min of the monitored time (i.e. 1 h after the target temperature
was attained). This is especially apparent in strain curve for 680 °C
plotted within the figure.

Among observations presented above, two interesting behav-
iours could be further explored: (1) small expansion of geopolymer
in the range of 380-520 °C; (2) significant contraction strain above
575 °C. Typically materials are expected to exhibit compressive
strains under compressive stress. In contrast to this, the expansion
value of loaded geopolymer increased with time and temperature.

0.04
Expansion T e BT
0 %

= Contraction l Stressed at 0 250r
S -0.04 A
A

20,08 1 Stressed at 0.50r

Temperature ('C)
-0.12

T T T
0 200 400 600

Fig. 4. Thermal strains under different stress levels, as a function of temperature.
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Fig. 5. Thermal strains as a function of time (for geopolymers stressed at 0.25¢,).

This may be as a result of stiffening effect in this range. This is fur-
ther confirmed by the increase in hot strength of geopolymer in
this temperature range, which will be discussed later.

Another interesting behaviour of Fig. 5 is the significant in-
crease in compressive strain above 575 °C. The 1 h compressive
strain increased from 0.05 to 0.22 over the small temperature
range of 575-680 °C. At 680 °C, the large compressive strain in rel-
atively short time clearly demonstrates a viscous-flow-type phe-
nomenon which often occurs in glasses and metals at high
temperatures. In both glasses and metals, this phenomenon is
linked to the atomic or molecular self diffusion mechanism [17].
The structure of geopolymers has been proposed to be similar to
that of aluminosilicate glasses [18,19]. Therefore, this mechanism
may also be applicable to the large strain found in geopolymer in
this temperature range.

3.3. Stress-strain relationship

The stress-strain curves for geopolymer specimens at elevated
temperatures, tested in load and displacement control regime are
shown in Figs. 6 and 7, respectively. Both figures show a similar
tendency for the change in stress-strain curves with temperature.
The strain corresponding to the peak strength did not significantly
change up to about 520 °C. Above this temperature, the strains cor-
responding to the peak strength increased considerably, indicating
a significant change in material behaviour. The peak strains (i.e. the
strain corresponding to the peak strength) at 575 and 680 °C were
respectively 20 and 140 times the peak strain attained at room
temperature.

Over the investigated temperature range, the failure behaviour
of geopolymer varied with temperature. Up to 575 °C, geopolymer
specimens failed soon after reaching their peak strength which is
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Fig. 6. Stress-strain curves for specimens at various temperatures (tested under
load control).
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Fig. 7. Stress-strain curves for specimens at various temperatures (tested under
displacement control).

evident when the stress—strain curves in Fig. 7 plunged vertically
(post failure region). This shows that geopolymer specimens failed
in a brittle nature. At 680 °C, the specimen sustained large defor-
mation before fracture (Fig. 8), which indicates that geopolymer
behaviour is viscoelastic nature at this temperature. However, as
seen in Fig. 7, the geopolymer specimens at 680 °C still retained
a brittle type of failure after reaching the peak stress. This failure
was due to vertical crack as seen in Fig. 8.

3.4. Hot and residual compressive strengths

Fig. 9 shows the variation of hot and residual strength with
temperature and the reference strength prior to heating. In the
hot state, the strength measured in load control regime (o%) is sim-
ilar to that measured in displacement control regime (g?). At each
temperature, either ¢% deviation (% — (g% + g®)/2) or 6% deviation
(o8 — (6% +02)/2) did not exceed 15% of their mean value
((ok + aR)/2). For the residual strength and reference strength, at
least three specimens were used for each data and standard devi-
ation was within 0.05.

In the range of 23-575 °C, the effects of temperature on the
compressive strength (hot and residual) are given in Fig. 10. From
23 to 200 °C, there was no significant change in hot strength. From
200 to 290 °C, a remarkable increase in strength occurred; the in-
crease was about 60% of the initial strength. In the range of 290-
380 °C, geopolymers maintained their hot strength. The further
temperature increase lead to a second increase in hot strength.
The strength at 520 °C was about 179% of the initial strength. Then,
the tendency that hot strength was higher than initial strength was
maintained until 575 °C. The residual strength results (short dash

Fig. 8. The photograph of specimens after testing at various temperatures.
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Fig. 9. Hot strength versus residual strength (*at 680 °C, true stress was obtained
according to Eq. (1)).

180
170 7
160 1
150 1
140 4
130 1
120 A
110+
100 4

Strength ratio (%)

0 100 200 300 400 500 600
Temperature ('C)

1—0— Hot (mean) - 4 - Residual —&— Stressed at 0.250r —#—Stressed at 0.50r |

Fig. 10. Strength as a ratio of initial strength at various temperatures.

space line in Fig. 10) after heating show a trend similar to hot
strength results (long dash space line). However, compared with
the tests in a hot state, there was a loss of strength after cooling.
The same figure also shows the effect of pre-load on hot strength.
It seems that sustained pre-load did not produce significant effects
on the strength of geopolymer specimens in the hot state. The
strength in the hot state appeared to be only related to tempera-
ture but independent on pre-load.

At 680 °C, geopolymer specimens exhibited the large increase in
the area of cross-section when they failed (Fig. 8). Therefore, the
measured stress (nominal stress), defined as the load per unit ori-
ginal area of cross-section of specimen, can be significantly differ-
ent from the true stress, which is the load divided by the current
cross-section area. Generally, it is possible to correlate nominal
and true value because the volume of material is constant in plastic
deformation (rubbers, soft biological tissues, etc.). The relationship
between nominal stress and true stress can be expressed as follows
[17]:

o= (1-¢&)0o, (1)

where g, is true stress, ¢, is nominal strain and ¢, is nominal stress.
Both nominal stress (measured) and true stress (estimated by the
above equation) are used for the strength of geopolymer at 680 °C.

It can be seen form Fig. 9 that a large drop in hot strength oc-
curred at this temperature. The reason for this is that the large in-
crease in cross-sectional area (Fig. 8) generated a decrease in
stress. On the other hand, the test results of the residual strength
after heating show that, compared with tests at 680 °C, there was
a recovery of strength during cooling. This can be attributed to
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Fig. 11. Derivative thermogravimetric curve of geopolymer.

the fact that geopolymer specimens transited from viscoelastic
nature to solid, when they cooled.

3.5. Thermogravimetric analysis

The derivative of the thermogravimetric (DTG) data is shown in
Fig. 11. The rate of weight loss reached the maximum at around
100 °C and gradually slowed down until 300 °C. Between 300 and
800 °C, it was stable at a very low rate (close to zero). Similar to
the authors’ work, Kong et al. [7,8] found that the weight loss of
geopolymer mainly occurred at temperatures below 300 °C. At
around 100 °C, the DTG peak is attributed to the fast evaporation
of free water. As most of the free water escaped at temperatures
below 200 °C, the weight loss in the range between 200 and
300 °C is likely to be due to the loss of water liberated from further
geopolymerisation process. The liberation of water during geopoly-
merisation has been reported previously [3].

4. Discussion

Geopolymer is an inorganic polymer which appears amorphous
in X-ray diffraction analysis. Unlike in cement binder, where the
main product of hydration is calcium silicate hydrate gel, which
is the major provider of binder strength, in geopolymers, the main
chemical process is geopolymerisation. From the chemical point of
view, geopolymerisation is closely aligned with aluminosilicate gel
formation [1]. The intrinsic difference in chemical structure of geo-
polymers and Portland cement (OPC) leads to their different
behaviours at elevated temperatures. Two differences between
geopolymers and OPC are significant. Firstly, it is believed that
strains corresponding to peak load for OPC do not vary significantly
between 100 and 550 °C [20]. The same is not true for geopolymer
specimens. This is apparent in Fig. 12, where the strain correspond-
ing to peak load for geopolymer specimens is plotted against tem-
peratures; a large change in the strain started to occur when the
temperature was beyond 520 °C. Secondly, OPC has a decreasing
trend of hot strength in the range of 200-600 °C while geopolymer
specimens exhibited a significant increase in hot strength in this
range. These two distinct features of geopolymer specimens are
further discussed in the following sections.

4.1. Glass transition temperature

One of distinct features is that geopolymer specimens exhibited
abrupt transition behaviour at high temperature. In Fig. 8, the geo-
polymer specimens behaved as a rigid specimen and exhibited a
brittle type of failure at temperatures less than 520 °C, while the
geopolymer specimens sustained large extent of deformation
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Fig. 12. Strain at peak stress versus temperature.

before failure at 680 °C, indicating that geopolymer specimen tran-
sit from a hard and relatively brittle condition to a viscous or rub-
bery one in this temperature range. This is a typical glass transition
behaviour exhibited by some materials such as organic polymer
materials [17], however, cementitious materials such as Portland
cement based materials do not exhibit such behaviour. Therefore,
geopolymer which is often benchmarked against Portland cement,
this glass transition behaviour is of interest.

When the materials proceed through the temperature region
associated with the glass transition, they exhibit a dramatic change
in its slope of linear thermal deformation. Thus, the temperature
that corresponds to the point of intersection of the slope of the
deformation against temperature curve before and after the transi-
tion is generally assigned as the glass transition temperature, Tg. In
Fig. 12, the intersection point of the slopes for these two extrapo-
lations suggests that T, of geopolymer was approximately 560 °C.

The important practical implication of the existence of Ty is that
the structural usefulness of geopolymer concrete is limited to the
temperatures below Tg. However, in structures exposed to high tem-
perature, which occurs in connection with accidental fires, the high
temperature beyond Ty is limited to exposed surface regions and the
bulk of the geopolymer concrete may not reach this limit. Further,
the Ty of polymers in general is strongly dependent on its chemical
compositions [17].Itis thereby speculated that the T, of geopolymer
could also be tailored by appropriate raw material selection and
mixture design. Further research in this area is needed.

4.2. Increase in hot strength

Another particular feature is that geopolymer specimens exhib-
ited significant increase in strength at elevated temperatures. This
trend is similar to those reported by previous investigations
[6-10]. The previous researchers indicated that some geopolymer
specimens increased in strength after exposure to 800 °C. How-
ever, actual temperature ranges where the strength increase oc-
curred were not identified. Based on the results reported in this
paper, the hot strength (thick dot line in Fig. 10) can be described
as having a significant increase in value from 200 to around 290 °C,
a level plateau thereafter, and a further increase from 380 to
520 °C.

The increase in strength of geopolymers is generally attributed
to sintering process during heating. However, this mechanism may
not be applied in the current investigation because the above two
ranges are far below the sintering temperatures for geopolymers
(700°C) [21] and fly ash (1170°C) [22]. When comparing hot
strength results with the thermal deformation and weight loss re-
sults, it can be speculated that mechanisms for the strength in-
crease in the two temperature ranges may be different because
of the following reasons: Firstly, the geopolymer contracts in the
range of 200-290 °C while it expands in the range of 380-520 °C.

Secondly, the rate of weight loss in the lower temperature range
is significantly higher than that in the higher temperature range.

Fig. 13 presents AT (Tsurface — Tcenter) CUrve obtained in the tran-
sient state (stage I in Fig. 3). The AT value reached the maximum of
38 °C at about 200 °C. Beyond this temperature, a sharp drop in AT
value was observed. This drop clearly indicates the release of heat
within the specimens taking place in the range of 200-290 °C. Sim-
ilar to our work, Rahier et al. [19] also found that the DSC (Differ-
ential Scanning Calorimetry) thermogram of geopolymer consists
of a considerable peak in the exotherms in this temperature range.
This peak is proven to be the characteristic of geopolymerisation
[19]. Therefore, the strength increase in the range of 200-290 °C
is attributed to the further geopolymerisation.

The strength increase in the range of 380-520 °C is less pro-
nounced compared to that occurred in the range of 200-290 °C.
The strength at 520 °C was 14% higher than that at 380 °C. It ap-
pears from literature that no distinguishable changes in this tem-
perature range was observed by X-ray Diffraction (XRD) and
Nuclear Magnetic-Resonance spectroscopy (NMR); nor were any
significant thermic reactions detected by DSC (Differential Scan-
ning Calorimetry) [18]. The small increase (up to 14%) in strength
is attributed to the general stiffening of the geopolymer gel, or
the increase in surface forces between gel particles due to the re-
moval of absorbed moisture. It is noted that the latter reason is
generally accepted for the strength increase occurred in cementi-
tious materials at high temperatures [23,24].

4.3. Deterioration in strength during cooling

In the range of 290 to 575 °C, a notable decrease in strength
during cooling process was observed in geopolymer specimens as
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Fig. 13. AT curve of geopolymer in the transient state (stage I in Fig. 3).
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shown in Fig. 10. After thermal exposure, the residual strength of
geopolymer specimens degraded to 70% of the strength in the
hot state.

Fig. 14 shows that the maximum AT (Tcenter — Tsurface) Value over
a 12 mm length reached about 50 °C during cooling (stage III in
Fig. 3). Kristensen and Hansen [25] experimentally demonstrated
that temperature gradient required for cracking to occur in cement
paste was between 20 and 30 °C over a 50 mm length. It is believed
that the temperature gradient within geopolymer specimens is
large enough to cause microcracking because: (1) the severity of
thermal incompatibility (arising from temperature gradient) that
geopolymer suffered in the current investigation is higher than
the ones reported for Portland cement pastes [25]; (2) the ductility
(i.e. the capacity to accommodate thermal incompatibility) of geo-
polymer is lower than that of Portland cement paste.

This is further supported by the results obtained in sorptivity
test. The relationship between microcrack density and sorptivity
has been extensively examined for cementitious materials [14-
16]. In those studies, the researchers concluded that the presence
of microcracks leads to significant increase of sorptivity. Fig. 15
shows that the measured sorptivity for geopolymer after thermal
exposure was significantly higher than that of geopolymer before
thermal exposure. The large increase in sorptivity is attributed to
the fact that water may rapidly fill the microcracks due to the large
capillary suction. Therefore, the strength loss during cooling is
likely to be caused by thermal shock (i.e. cracking as a result of
temperature gradient).

It should be noted that the test trends observed only for the
geopolymer paste. For geopolymer concretes, aggregates will also
have a major influence similar to the Portland cement concretes.

5. Conclusions

1. The geopolymer is found to exhibit glass transition behaviour at
the temperature of 560 °C. This temperature was determined by
monitoring the strains at peak stress at various temperatures.
The strains at peak stress did not significantly change up to
about 520 °C. Beyond glass transition temperature, these strains
rapidly increased reaching as high as 0.64 at 680 °C, indicating
significant change of material behaviour from solid to viscoelas-
tic nature.

2. Two distinct behaviour patterns can be identified prior to
reaching glass transition behaviour. In the temperature range
from 200 to 290 °C, the geopolymer increased in strength while
also undergoing significant contraction. This is attributed to the
further geopolymerisation. In the range from 380 to 520 °C, a
further strength increase was observed, but the geopolymer
expanded at this time.

3. Sustained pre-load before heating appears to have no influence
on the compressive strength of geopolymer specimens in a hot
state. However, the increasing applied stress leads to high con-
traction at elevated temperatures.

4. Additional strength loss during the cooling suggests that geo-
polymer specimens are susceptible to damage resulting from
thermal shock.

5. At any given test temperature, geopolymer specimens exhibited
a nearly vertical descending branch of stress-strain curves after
peak stress. This indicates that geopolymer specimens retained
a brittle type of failure at all temperatures.
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