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The compressive strength, modulus and stress-strain behaviour of rapid-hardening sulfoaluminate cement concrete were 
evaluated as functions of the temperature increase. The compressive strength decreased from 51.3 to 31.1 MPa (around a 39 % 
reduction) as the temperature increased from 20 °C to 300 °C while the specimens burst at 400 °C before being removed from 
the furnace. A significant change in the stress-strain behaviour was noticed with an increasing temperature. For the control 
specimens (20 °C), linear elastic behaviour was followed by plastic deformation before reaching the peak stress prior to 
failure, but for higher temperatures, the modulus of elasticity was up to 85 % lower and was characterised by a gradually 
decreasing slope until failure. The micro-structural changes detected by SEM, DTG/TG and XRD were consistent with this 
pattern. The degree of cracking at the interfacial transition zone and crack-width growth detected by SEM followed a clear 
trend with the increasing temperature. The transformation of the primary hydration products (e.g., ettringite and Al(OH)3) 
as detected by XRD and DTG/TG provides a useful explanation of the strength reduction with the increasing temperature up 
to 300 °C. The vapour pressure evolvement within the specimens at elevated temperatures correlates well with the reduced 
strength and modulus of elasticity, with a very intense effect at 400 °C.

INTRODUCTION

 Since the successful development of sulfoalumina-
te cement (SAC) by the China Institute of Building Ma-
terials Science in 1975, this hydraulic cement has been 
developed into a high-strength SAC paste, a self-stressing 
SAC paste, and a rapid-hardening sulfoaluminate ce-
ment [1, 2] and has been used for the construction of 
numerous modern buildings in China. Fire is the most 
common cause of major damage to buildings, but one 
of the main problems with most types of concrete is its 
susceptibility to thermally induced deterioration [3]. 
When concrete experiences very high temperatures, its 
mechanical properties, such as its compressive strength, 
modulus of elasticity and stress-strain relationship, can 
be affected, causing the structure to deteriorate and even-
tually causing the building to collapse [4, 5, 6]. There 
have been many reports on such collapses due to fire in 
China’s Hengyang and Hengzhou provinces, as well as 
in chemical and metallurgical industry facilities in Henan 
province, where concrete structural elements made with 
SAC are in close proximity to furnaces [7, 8]. 
 After a building has been exposed to fire or extreme 
heat, its load carrying capacity must be determined before 
a decision on whether to rebuild the damaged structure 
is made [9, 10]. Published literature on the behaviour of 
rapid sulfoaluminate cement concrete (SACC) at eleva- 

ted temperatures is very limited. This study investigates 
the effect of extended exposure to elevated temperatures 
on the SACC’s strength and behaviour, so as to understand 
the changes in the mineral structure that occur due to 
such exposure. Quantifying the SACC’s ability to handle 
heat and its disintegration period, along with more fully 
understanding the effect of the elevated temperatures on 
the mineralogy of the rapid SACC element, will help us 
to identify the rapid SACC’s critical temperature and 
predict possible failures. 

EXPERIMENTAL 

Materials and mix design

 Consistent with Chinese GB/T500081–2002 stan-
dard test methods, cube-shaped 100 mm samples were 
cast to examine the effects of elevated temperature on 
the compressive strength of rapid SACC. In addition, 
20 mm cube specimens were produced to represent the 
SAC paste so as to understand the dehydration phase 
that occurs as the temperature increases [11]. These spe- 
cimens were demoulded after 24 hours; they were then 
cured in a curing room with standard humidity and tem- 
perature for 28 days [12]. The rapid-hardening sulfo-
aluminate cement R.SAC-42.5 was used for all the pre-
parations; its oxide composition is shown in Table 1. 
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It is a cement with compressive strength and flexural 
strength of 72.1 MPa and 50.2 MPa at 28 days, respective-
ly. Concrete strength grade C40 was used, with an ini- 
tial setting time of 30 - 50 min and a final setting time of 
40 - 90 min. The fine aggregate used was river quartz sand 
with a density of 5.218 g∙cm-3 and a fineness modulus of 
2.6. The coarse aggregate was crushed limestone with 
a density of 6.093 g∙cm-3; the aggregate gradations are 
shown in Table 2. The workability was improved by 

adding a polycarboxylate superplasticiser, which also 
acts as a chemical retardant for SAC. The do-sage of this 
additive was calculated based on the cement volume. 
The mix proportions are shown in Table 3.

Test stand and Methods

 To measure the effect of the elevated temperatures 
on the SACC, the different samples were exposed to va-
rious temperatures for 4 hrs. [13, 14]. The samples were 
removed from the standard curing room under humidity 
control for the cement concrete room temperature (T = 
= 23 ± 2 °C, RH > 95 % [15]) after 28 days; they were 
then air-dried for 5 days in the laboratory. The samples 
were then placed into an electric furnace for exposure 
at different temperatures (i.e., 100, 200, 300, 400, and 
500 °C) with a heating rate of 4 °C∙min-1 and an expo-
sure time of 4 hrs. This exposure time was found to be 
adequate for the complete dehydration of Al(OH)3 and 
other related dehydration reactions, as well as other ther-
mally induced physical changes [16]. 
 The compressive strength testing for all the spe- 
cimens was conducted using a servo-hydraulic com- 
pressive testing machine at the load rate of 0.3 kN∙s-1. 
The compressive test was performed using two sets of 
samples. The first set was tested immediately after re-
moval from the furnace, and the second set was allowed 
to cool for 30 minutes while a strain gauge (BF120-
80AA) [17, 18] was installed on the surface, see Figure 1, 
followed by load application and recording of the stress-

Table 1.  Full analysis – the Vac28mm of the sulfoaluminate cement used (KCps).

 CaO Al2O3 SO3 SiO2 Fe2O3 MgO TiO2 K2O SrO Na2O Cl P2O5

 S45.28 % 17.51 % 15.76 % 9.19 % 2.50 % 1.90 % 0.75 % 0.48 % 0.17 % 0.19 % 0.11 % 0.10 %

Table 2.  The aggregate gradation.

    Limestone [5 - 25] mm                   Quartz sand [0.6 - 4.75] mm
 Sieve size % passing Sieve size % passing
 0 - 5 5 % 0 - 0.6 20 %
 5 - 10 25 % 0.6 - 1.18 45 %
 10 - 15 50 % 1.18 - 2.36 25 %
 15 - 20 15 % 2.36 - 4.75 10 %
 20 - 25 5 %     – –

Table 3.  The sulfoaluminate cement concrete and the sulfoalu-
minate cement paste mix proportions.

 SACC Unit weight  SAC Unit weight
 (per m3) (per m3)

Cement 430 300
Water 160 120
Gravel 5 - 25 975 –
Quartz sand 1.6 - 2.6 835 –
Retarder 4.3 –
w/c 0.4 0.4

Figure 1.  The SACC samples showing the installed strain gauge and characteristics of the crack patterns 30 minutes after the 
removal from the furnace and loaded, at temperatures of 20, 100, 200 and 300 °C. (Continue on next page)

a) 20 °C b) 100 °C
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strain behaviour of the tested SACC. Six specimens 
(three for the compressive strength and three for the 
stress-strain behaviour) were tested for each designated 
temperature. The stress-strain behaviour was measured 
using a linear transformer (ASMC2 series resistance, 
version number V2.1) [19] strain gauge. 

RESULTS AND DISCUSSION

Compressive strength

 The results (calculated as an average for each set of 
samples) show that the compressive strength decreased 
as the temperature increased, and after an additional 
cooling time of 30 minutes, the decrease was greater, 
as shown in Figure 2. Cooling for 30 min introduces a 
temperature gradient with a relatively lower temperature 

outside than the core temperature for both the concrete 
and paste specimens. This temperature gradient creates 
a stress differential between the core and surface of the 
specimen, which is fatal for the concrete specimens 
because of their greater size. Additionally, the concrete 
specimen displayed stress concentrations, see Figure 3, 
at the interfacial transition zone, again more so than 
the paste because of its different thermal behaviour of 
the sand and cement paste. These stress concentrations 
could lead to micro-crack formations and a strength 
reduction for the concrete specimens. As a result, the 
concrete specimens, after 30 min of cooling, always 
showed lower strength levels than the specimens tested 
before the cooling. 
 However, the paste specimens actually showed 
an increase in strength at 200 °C after cooling and no 
difference in strength at 500 °C. As the paste specimens 

Figure 1.  The SACC samples showing the installed strain gauge and characteristics of the crack patterns 30 minutes after the 
removal from the furnace and loaded, at temperatures of 20, 100, 200 and 300 °C.
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Figure 2.  The compressive strengths of the sulfoaluminate concrete and paste vs. the temperature.
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were smaller in size, see Figure 4, and there were 
no aggregate effects, the temperature difference may 
not have caused any consistent change in strength. 
The overall decrease in strength with the increasing 

temperatures is a combined effect of the phase trans-
formation (the creation of porous micro-structures) and 
vapour pressure (related to the dehydration reaction of 
the hydration products formed at room temperature). 

Figure 3.  The appearance of the SACC specimens immediately after removal from the furnace.

c) 200 °C

a) 20 °C

d) 300 °C

b) 100 °C

b) the appearance of the SAC paste specimens immediately after removal from the loaded corresponding

a) the appearance of the SAC paste specimens immediately after removal from the furnace

Figure 4.  The appearance characteristics of the crack pattern 30 minutes after removing the SAC paste specimens from the furnace 
and loaded corresponding to 20, 100, 200 and 300 °C.
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The strength change due to phase transformation with 
the increasing temperature was manifested by both the 
concrete and paste specimens. However, the effect due 
to the vapour pressure build up was more intense in the 
concrete specimens because of their larger dimensions. 
As a result, the concrete specimens failed at 400 °C, 
but the paste specimens did not fail at either 400 °C or 
500 °C.
 The sequence of the change in the strength with the 
increasing temperature due to the phase transformation 
as well as the vapour pressure build up is explained 
below:
● The decomposition of ettringite at around 100 - 120 °C 

produced a monosulfate (AFm) and caused an increase 
in porosity, which may have been related to the 
strength reduction in both types of specimens, with 
greater effects in the paste specimens.

● Between 165 °C and 185 °C, the decomposition of 
AFm to gypsum and aluminate caused similar effects 
in both the paste and concrete specimens.

● The Al(OH)3 to Al2O3+H2O decomposition between 
280 °C and 300 °C created the phase, which was re-
sponsible for the slight strength increase in both the 
paste and concrete specimens.

● There was not much phase transformation after 300 °C 
in the paste specimens, and the pressure build up effect 
was negligible. As a result, the paste specimens did not 
fail with a further temperature increase from 300 °C 
to 500 °C. In contrast, the specimens showed a slight 
increase in strength from 300 °C to 400 °C.

● It seems that the pressure build-up effects were not 
substantial for the concrete specimens up to 300 °C. 
However, this effect became acute after 300 °C, and 
the specimens failed completely at 400 °C.

 The appearance of the SAC paste specimens 
immediately after removal from the furnace. 
 The compressive strength of the sample tested at 
20 °C had the highest compressive strength with large 
cracks, spalling, and support failure, see Figure 5a and 
b, because of the cracks resulting from the dry shrinkage 
of as much as 1 % of the volume and the applied load, 
whereas the samples heated to 200 °C and 300 °C had 
a lower compressive strength with narrow cracks, yet 
they held up despite the damage, see Figure 5c and d. 
Nevertheless, the initial thermal crack caused by the 
heat decreased the stress span of the first straight line. 
At 400 °C, all the SACC specimens broke explosively, 
as shown in Figure 5e and f, inside the electric resistance 
furnace. As indicated by Wanga and Chen [20, 21, 22], 
SAC has an unstable density, adding to the vapour 
pressure evolvement inside the tested specimen. For 
this reason, as observed with the samples at 400 °C, a 
complete collapse can result. The elevated temperatures 
caused the volume of the samples to shrink, leading to 
cracks. When the crack force stopping the volume change 
can no longer apply sufficient resistance, wide cracks 
occur. This is the reason for the observed phenomenon. 
 The average thermal expansion coefficient of the 
quartz river sand and limestone gravel used for the expe-
riments at the different temperatures were also calcu-
lated [23, 24]. Figure 6 shows the stereo microscopic 

Figure 5.  The nature of the damage (crack pattern) of the SAC concrete specimens after immediately being removed from the 
furnace and loaded, at temperatures of 20, 100, 200, and 300 °C.

d) 300 °C

a) 20 °C

f) 500 °C

c) 200 °C

e) 400 °C

b) 100 °C
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appearance image of the SACC samples immediately 
after removal from the furnace, following exposure at 
the different temperatures for 4 hrs. The images show 
the propagation of micro-cracks through the coarse 
aggregate and the paste, displaying a pattern of the 
cracking at the interfacial transition zone with changes 
in the crack widths. The expansion of the limestone as 
the temperature increased varied from 1.00 × 10-3 to 
2.5 × 10-2/°C; this was less pronounced than the expan-
sion of the quartz sand, which ranged from 2.4 × 10-3 to 
6.00 × 10-2/°C from 100 °C to 300 °C. The rising tem-
perature caused the limestone to grow in size, resulting 
in the shrinkage of the SAC paste bordering it, due to the 
imbalance of the thermal stresses between the limestone, 
quartz, and very dense SAC paste [25, 26]. The average 
mass changes (in grams) of the SACC were 0.119 at 
100 °C, 1.302 at 200 °C, and 1.573 at 300 °C; for the 
SAC paste, they were 0.67 at 100 °C, 2.73 at 200 °C, 
3.7 at 300 °C, and 3.71 at 400 °C, relative to the initial 
mass at 20 °C. Therefore, a comparative assessment 
between the paste and the concrete provides a better way 
to understand the changes in the strength.

Pore structure analysis

 In order to confirm the results of the compressive 
strength changes in terms of the microstructural modi-
fications partly caused by the dehydration of the SAC 
paste inside the samples, mercury intrusion porosimetry 
tests were realised on the paste samples. The pore 
structure analysis of the SAC pastes heated for 4 hrs 
at various temperatures (i.e., 100, 200, 300, 400, and 
500 °C) are presented in Figure 7. The curves of the 
logarithmic differential intrusion vs the pore size, see 
Figure 7a, show that the increasing temperature made 
the differential intrusion curves move towards the lower 
pore sizes. The results show that increasing temperature 
may slightly increase the micro cracks which is in 
accordance with the stereo microscopic observation, 
which show less growth in the number of wide pores 
and an increase in the number of light pores. The total 
porosity of the pastes varied from 32.12 % for 20 °C, 
34.75 % for 100 °C, 34.27 % for 200 °C, 36.04 % for 
300 °C, 35.15 % for 400 °C and 35.41 % for 500 °C, 
see Figure 7b, that correlate with the  lower strength 
measurements recorded for the paste after cooling.

Figure 6.  The stereo microscopic appearance of the SACC sample after removal from the furnace following exposure to the 
different temperatures for 4 hrs. The images show heated induction microcracks; BC = boundary crack, TC = transgranular crack.

a) 100 °C c) 300 °Cb) 200 °C
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 There were few changes in the percentage of the 
porosity between 100 °C and 200 °C that correlate with 
the decomposition of the ettringite. It increases at 300 °C 
and in accord with the decreasing strength observed as 
well at 400 °C and 500 °C where the hydration phase is 
in accordance with the porosity and strength recorded.

Modulus of elasticity

 The modulus of elasticity (E), was determined by 
dividing the stress by the strain obtained while loading 
the specimens that were equipped with a strain gauge. Its 
variations over the average wide range 68.69 × 10-3 MPa 
to 12.61 × 10-3 MPa consequently decrease nearly 85 % 
over the range of temperature exposures, as shown in 
Figure 8. Therefore, as illustrated, at the different tempe-
ratures, the SACC became deformed. The lowest values 
of the moduli of elasticity testify to the flexibility of the 
SACC between 100 °C and 300 °C, as its shape changed 
considerably.

Stress-strain

 The temperature exposure has a notable impact 
on the stress-strain relationship; the slope of the stress-
strain deformation curve decreases with an increasing 
temperature. For the control (at 20 °C), linear elastic 
behaviour (initially steep slope, followed by shallow 
slope) is followed by plastic deformation before reaching 
the peak stress prior to failure. At 100 °C and 300 °C, the 
characteristic trend is elastic behaviour starting with a 
shallow slope (shallower than at 20 °C) followed by a 
gradual decrease in the slope till it fails (similar to the 
visco-elastic behaviour). However, at 200 °C, the initial 
elastic behaviour was similar to that at 300 °C, but then 
changed promptly to a very low slope (i.e., the large 
change in the strain with a smaller change in stress, 

more of a visco-elastic and plastic nature) with smaller 
decrease in the slope until failure. 
 The stress-strain curve of the SAC concrete at 
100 °C, 200 °C, and 300 °C distinctly shows that the 
strain has a tendency to decline and its peak evidently 
descends and moves toward the right-hand side as the 
testing temperature increases. The variations in the 
stress-strain curves can be partially attributed to the in-
creased occurrence of micro-pores and capillary voids 
with a diameter of between 2 and 50 nm caused by 
the thermal changes to the microstructure as discussed 
previously in Section “Pore structure analysis “. These 
pores act as stress concentrators as they open under 
the applied load affecting the degree of cracking at the 
aggregate-paste interfaces and increasing the crack 
widths in the paste (See, Section “SEM analysis and 
XRD”). In addition to the development of micro-pores 
and capillaries, the elevated temperature exposure cau-
ses differential strains due to the mismatched thermal 
expansion of the constituents of the concrete and the 
elevated internal stress within the pore spaces due to 
vapour pressure resulting in a significant residual 
stress, residual strain, and micro-cracking throughout 
the specimen. When considered together, these effects 
explain the trend of the stress-strain curves, which are 
perceptibly flatter when the specimen is exposed to 
higher temperatures as observed in Figure 9.

SEM analysis and XRD

 A SEM was performed to obtain a greater under-
standing of the recorded strength depletion and the 
different failure behaviours during the damage of each 
sample on a microstructural level. X-ray diffraction 
was performed on the samples of the SAC concrete and 
SAC paste at the different designed temperatures. The 
SEM observations of the microstructure pattern of each 
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sample exposed to the different temperatures showed 
a clear trend of an increasing numbers of wide cracks 
with increasing temperatures up to 300 °C. Loannou [27, 
28] argued that this kind of cracking might be formed 
during heating at the different temperatures because of 
the imbalanced internal stresses between the dispro-
portionately expanding limestone and quartz sand, 
which compress the SAC paste that surrounded them. 
The performed SEMs, see Figure 10, display a pattern of 
different compacting at different temperatures. Between 
100 °C and 200 °C, we observed pores connecting with 
a diameter of between 2 and 50 nm, fine cracks by loca-
tion and large wide cracks. At 300 °C, better compactness 
is observed, with fewer cracks of large width, which 
correlated with the small gain in strength recorded at 
300  °C.
 The X-ray shows that, as the temperature increased, 
the element of each sample was different. Figure 11 
shows that between 100 °C and 200 °C, one can remark 
the dehydration of the AFt inside the SAC paste and AH3 
gel, which breaks them into an unreactive mineral inside 

the SAC and plays no role when it comes to bonding the 
surrounding aggregates together.
 The decrease in strength might be attributable, 
based on the X-ray evidence, to the dehydration pattern 
recorded for the ettringite and Al(OH)3, which disappea-
red between 100 °C and about 300 °C, and the appearan-
ce of C3A·CaSO4·12H2O and Al2O3, respectively. The 
XRD analysis results show that there was no AFm in 
the hydration product. Therefore, it can be concluded 
that the hydration product is AH3, corresponding to the 
endothermic valley at 290 °C, and the other endothermic 
valley corresponds to AFm [29, 30], correlating to the 
lower measurements in the compressive strength and 
decreasing stress-strain trend between 100 °C and 
300 °C. The endothermic peaks (DTG/TG curves) 
higher than 700 °C are due to the further dehydra- 
tion of C–S–H and the decomposition of CaCO3 inside 
the cement. Furthermore, the DTA/TG patterns high-
lighted the chemical changes inside the SAC mineralogy, 
which were manifested by the reduction in the intensity 
of the compounds AFt, AFm and AH3 gel. All of these 

Figure 10.  The SEM patterns of the different samples after removal from the furnace following exposure of the SAC concrete to 
different temperatures for 4 hrs.
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hydration products are important crystals giving strength 
to the SAC to bond with the aggregates. Figure 12 
shows the DTA/TG curves of the different samples when 
heated, indicating a loss in the intensity of the minerals 
contained by the SAC as the temperature increased from 
200 °C to 500 °C, to say nothing of the AH3 crystal 
mineral strength of the cement that remains. Figure 12a 
and b clearly illustrate the different mineralogy-damaged 
behaviour of the SAC as the temperature increased; this 
behaviour correlated to the decrease in the strength range 
temperatures. 
 The testing revealed a very rapid decrease in the 
compressive strength of the SAC concrete after exposure 
to the 100 ℃, 200 ℃, and 300 ℃ temperatures. 42 % of 
the SAC concrete is < half its initial compressive strength 
after heating to 200 ℃, thus it cannot be repaired, but 
should be demolished. Normal concrete can be repaired 
because the structural integrity remains acceptable after 
heating at the same temperature [31], which remains 
at > 90 % of its compressive strength after heating at 
200 ℃ [32]. The SAC concrete initially might have a 
higher compressive strength, therefore it performed 
better than the normal concrete in terms of the load 
carrying capacity of the structure. However, according 
to a previous study, the normal concrete had a constant 
decrease in the strength [33], whereas the SAC concrete, 
in our study, did not. Therefore, normal concrete has 
a better resilience strength rating as the temperatures 
increase than the SAC concrete.

CONCLUSION

 This research article shows the results of the under-
standing of the strength (compressive strength, modulus 
of elasticity, and stress-strain) changes of the SAC con-
crete after being exposed to elevated temperatures (i.e., 
100 °C, 200 °C, 300 °C, 400 °C and 500 °C).

● The compressive strength of the samples immediately 
loaded was reduced to 7 % at 100 °C, 42 % at 200 °C, 
and 39 % at 300 °C; 30 min later, it was 12 % for 
the sample heated to 100 °C, 45 % for 200 °C, and 
43 % for 300 °C (all the percentages are relative to 
the initial strength). At the testing temperatures of 
200 and 300 °C, see Figure 4, several internal cracks 
formed inside the samples during the heating before 
being loaded, and the stress span of the first straight 
line decreased the carrying load structure value. The 
flexibility of the sample, illustrated by the low mo-
dulus of elasticity as the temperature increased, could 
be a useful quality when the structure cracks during 
exposure to fire.

● The failure pattern of the SAC concrete samples at 
100, 200 and 300 °C was not similar to that at the 
normal temperatures, see Figure 1a. When the tes-
ting temperature was between 100 and 300 °C, as 
shown in Figure 1b, c and d, an inclined main crack 
distinctly materialised on the surface of the samples, 
the inclination angle was wide, the area of cracking 
was long and drawn out, and irregular cracks were 
dispersed on the other parts of the surface. The SAC 
concrete exposed at 400 °C was completely destroyed 
by an explosion inside the furnace. The damage was 
not because of the higher density of the SAC alone, 
but also because of its poor mineralogy disintegration 
of the AH3 gel strengthening the ingredient’s com-
portment and weakening the bond with the aggregates 
by its dehydration and the effect of vapour pressure 
development inside the tested specimen (a function of 
a specimen’s dimension).

● Finally, an analysis through DTG/TG and X-ray of the 
SAC paste alone at the same designated temperatures 
showed that the AFt, AFm, and AH3 gel, played an 
important role in bonding the quartz sand and limestone 
together. Their dehydration phases as the temperature 
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Figure 12.  The DTG/TG diagram patterns of the sulfoaluminate cement concrete (a) and SAC paste (b) at the different temperatures.
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increased correlated to the decreasing strength at those 
temperature ranges, as validated by the porosity tests 
of the cement paste. The 20 × 20 × 20 mm SAC paste 
blocks did not explode when subjected to elevated 
temperatures, perhaps partly due to their smaller size. 
Samples of larger sizes still need to be explored for 
their fire resistance.

● The study results indicate that the mechanical pro-
perties of SAC concrete remain fairly stable up to 
a temperature of 200 °C. However, beyond that, the 
origin of the aggregates may play an important role 
in the SAC concrete behaviour because the SAC will 
experience disintegration. The mechanical properties, 
such as the compressive strength, modulus of elasticity, 
stress-strain, and mass weight decrease when exposed 
to high temperatures.
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