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A B S T R A C T  –  

Geopolymer concrete has been increasingly used in industry. However, if the geopolymer concrete is blended 
using a single percussor its performance is often very limited by the properties of the percussor. Thus, it is 
preferable to use multiple percussors to produce geopolymer concrete. In this paper an experimental study is 
reported on the residual micro- and macro-mechanical properties of the steel-fibre reinforced geopolymer con
crete blended by using combined percussors of ground granulated blast-furnace slag, fly ash, and salic fume. The 
experimental work included the examination of the effects of exposure temperature, the volume fractions of 
coarse aggregate and steel fibre on the compressive strength, elastic modulus, peak strain, toughness, and stress- 
strain constitutive relationship of the mixed geopolymer concrete, and the characterisation of the micro-structure 
of the materials after they were exposed to various elevated temperatures by using X-ray diffraction, scanning 
electron microscopy, thermal gravimetric analysis, and mercury intrusion porosimetry techniques. The experi
mental results showed that the residual compressive strength and residual elastic modulus decrease with the 
increase of exposure temperature regardless of the mix designs. The residual compressive strength of the geo
polymer concrete is higher than that of the geopolymer mortar when they both are not reinforced with steel fibre. 
However, when they are reinforced with steel fibre the residual compressive strength of the geopolymer concrete 
is lower than that of the geopolymer mortar. Based on the experimentally obtained results, a temperature- 
dependent uniaxial stress–strain empirical equation is also proposed for the purpose of practical use.   

1. Introduction 

Ordinary Portland cement (OPC) concrete is widely used in the 
construction industry. However, the production of OPC produces a large 
amount of carbon dioxide emissions. Although many efforts have been 
made in recent years to use supplementary cementitious materials 
(SCMs) to reduce OPC contents used in concrete the production of OPC is 
predicted still to have an increasing trend until 2050 [1]. For the goal of 
reducing carbon footprint and reaching carbon neutrality, the binders 
with less carbon dioxide emissions would be the promising material for 
future constructions. Geopolymer concrete (GPC) was first reported in 
1978 and is a relatively new type of green concrete. GPC is manufac
tured in alkaline environment through the geopolymerization of solid 
aluminosilicate-rich materials. Various industrial by-products can be 
used as the source materials of GPC. Examples include the ground 
granulated blast-furnace slag (GGBS), fly ash (FA), and metakaolin [2]. 
Previous studies showed that approximately 75% of carbon dioxide 

emissions can be reduced by using geopolymer as the binder in concrete 
when compared with the use of OPC [3–5]. Therefore, the development 
of GPC technology provides a sustainable solution to dealing with the 
challenge of carbon neutrality as well as reducing industrial wastes to 
improve our living environment. Furthermore, GPC has been also found 
to have very good properties in terms of the fire safety, durability, 
permeability, early strength, and workability [6–9]. Thus, it is expected 
that GPC would have large and broad applications in the construction 
industry in the future. 

Currently, there are some technical barriers for the widespread uti
lization of GPC, for instance, no standard for the mix design, varying 
material properties due to the variation of source materials, extraordi
nary curing conditions required to get sufficient strength, etc. Thus, 
many structural members made of GPC are often precast and/or are in- 
situ assembled [10]. The main mechanical weakness of GPC is its 
volumetric instability. It was reported that there is about 2–4 times 
higher shrinkage in the GPC than in the OPC concrete [11,12]. 
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Practically, the addition of steel fibres in concrete can significantly 
reduce the shrinkage [13–15], and thus increasing the volume fraction 
of steel fibres in concrete can lead to a reduction in both the total and 
autogenous shrinkages because the bond stress between the fibres and 
matrix would resist the self-desiccation of the matrix. In addition, coarse 
aggregate can also serve as a restraint to the shrinkage of cement and 
mortar, and thus the shrinkage also decreases with increased coarse 
aggregate volume used in concrete [16–18]. 

FA may be the most popular precursor for producing GPC because of 
its availability [19–21]. Li et al. [22] and Abdulrahman et al. [23] 
examined the bond strength of reinforcing steel bars in FA-based GPC. 
Peng et al. [24] investigated the mechanical performance of FA-based 
GPC using machine learning technology. However, FA-based GPC 
often has low compressive strength if it is processed at ambient tem
perature condition. Therefore, most of its applications are limited to 
producing precast concrete members to which high temperature curing 
can be applied. GPC would have wider applications in situ construction 
as well as in precast concrete construction if they can demonstrate their 
good performance in ambient curing conditions. Many studies have 
found that the combined use of FA and GGBS has positive effects on the 
setting, workability, and early strength development of the GPC cured in 
ambient conditions [25,26]. 

Post-fire assessment is one of the most important parts in the life 
cycle design of buildings. When exposed to a fire, concrete experiences 
water evaporation, material decomposition, pore structure change, etc., 
which lead to the deterioration in material and mechanical properties. 
After a fire, the concrete structure needs to be scientifically evaluated 
before conclusions are drawn about whether it should go into rectifi
cation or demolition so that the safety and sustainable development of 
the structure can be guaranteed. Therefore, it is very important to 
scientifically evaluate the post-fire mechanical properties of concrete. 
The understanding of the post-fire performance of concrete materials 
after exposed to elevated temperatures is the basis for evaluating con
crete buildings after a fire. Pervious studied have investigated the post- 
fire performance of different types of concrete, such as normal concrete, 
recycled aggregate concrete, lightweight aggregate concrete, fibre 
reinforced concrete, high-performance and ultra-high-performance 
concrete, and GPC blended with a single precursor [27–31], but very 
few were on GPC blended with multiple precursors, particularly when 
the GPC is reinforced with steel fibres. 

The GPC has different hardening process from OPC concrete. The 
former is through the geopolymerization of geopolymer binder, whereas 
the latter is through the hydration of cement. This would lead to them to 
have different behaviour and performance when and after exposed to 
elevated temperatures. Furthermore, different precursors have different 
shrinkage and expansion behaviours, particularly when they are 
exposed to elevated temperatures. The combined use of different pre
cursors could compensate and avoid the incompatible expansion and/or 
shrinkage between individual constituents mixed in GPC and thus 
reduce the damage generated during the heating and cooling processes 
of the concrete. In this paper, an experimental study is reported on the 
residual micro- and macro-mechanical properties of the steel-fibre 
reinforced geopolymer concrete blended by using combined percus
sors of GGBS, FA, silica fume (SF). The experimental work included the 
examination of the effects of exposure temperature, the volume fractions 
of coarse aggregate and steel fibre on the failure mode, compressive 
strength, elastic modulus, peak strain, toughness, and stress-strain 
constitutive relationship of the mixed GPC, and the characterisation of 
the micro-structure of the materials after they were exposed various 
elevated temperatures by using X-ray diffraction, scanning electron 
microscopy, thermal gravimetric analysis/derivative thermogravimetric 
analysis, and mercury intrusion porosimetry techniques. Based on the 
experimentally obtained results, a temperature-dependent uniaxial 
stress–strain empirical equation is also proposed for the purpose of 
practical use. 

2. Materials and experiments 

2.1. Raw materials and mix design 

The raw materials used in the present experimental investigation 
include the three precursors (GGBS, class F FA, and SF, which were 
purchased from a company in Wuhan, China), alkaline solution, 
aggregate, and straight steel fibre, which are the same as those used in 
our previous study for thermal properties [32]. GGBS is a by-product 
from the blast-furnaces used to make iron. It is highly reactive even at 
ambient temperature. The use of GGBS as the precursor in GPC can 
improve the workability, setting time and early strength of fresh GPC 
and the durability of GPC in terms of the resistance to alkali silica re
action and sulphate attack. FA is also an industrial by-product produced 
by burning coal. There are two classes of FA, defined on the sum of total 
aluminium, silicon, and iron oxides in the ash. When the sum is greater 
than 70%, the FA is termed Class F, whereas when the sum is between 
50% and 70%, the FA belongs to Class C. In general, class C FA shows 
poor reactivity with alkaline activators due to its low glass content and 
high calcium content. FA has very small particles of spherical shape 
which make the concrete highly dense and less permeable. SF is a 
by-product from the production of elemental silicon or alloys containing 
silicon in electric arc furnaces. It is a highly pozzolanic material that is 
used to enhance mechanical and durability properties of concrete. 
However, SF has very large surface area which reduces the workability 
of fresh concrete. The combination of these three materials can be more 
beneficial when used as a combined binder than using them individu
ally. Table 1 lists the chemical and physical properties of GGBS, FA and 
SF. The mixing proportions of GGBS, FA, and SF in the present study 
were fixed about 7:2:1, as shown in Table 2. The microstructure of the 
GGBS, FA and SF was examined using SEM and is shown in Fig. 1, 
respectively. The alkaline solution is formed using the sodium hydroxide 
(95% NaOH) with density of 2.13 g/cm3 and sodium silicate (30% SiO2, 
13.5% Na2O) with density of 1.51 g/cm3. The steel fibre has the length 
of ~12 mm and aspect ratio of 45, and nominal tensile strength of 2750 
MPa. The use of steel fibres in GPC can reduce the brittleness of the GPC 
and improve the ductility of the concrete. The fine aggregate is the river 
sand with the fineness modulus of 2.7. The coarse aggregate is the 
crushed stone of sizes ranging from 5 mm to 25 mm. The sand-to-binder 
ratio used in the mix is 0.9 for all tested specimens. The volume fraction 
of the steel fibre in the mix is 0% or 2%. The volume fraction of the 
coarse aggregate in the mix is 0% or 30%. 

The mix designs are labelled as ‘SiiCAjj’, in which ‘S′ denotes the steel 
fibre and ‘ii’ refers to its volume fraction in the mix, ‘CA’ represents the 
coarse aggregate and ‘jj’ refers to its volume fraction in the mix. The 
details of the mixes are summarized in Table 2. All GPC specimens 
(mortar and concrete with and without steel fibre) were designed to be 
exposed to a set of temperatures (20 ℃, 100 ℃, 300 ℃, 500 ℃, 700 ℃ 
and 900 ℃). In total, 24 groups of cylindrical specimens with the size of 
φ50 mm × 100 mm were prepared for the axial compressive tests and 
each group has three specimens of the same mix design that were used 

Table 1 
Chemical and physical properties of raw materials.  

Composition FA (wt%) GGBS (wt%) SF (wt%) 

SiO2  51.8  35.5 95.8 
Al2O3  29.7  13.3 0.48 
Fe2O3  5.03  1.20 1.47 
MgO  1.05  8.60 0.48 
CaO  6.70  39.5 0.32 
K2O  2.42  0.25 0.73 
Na2O  0.54  0.55 0.41 
SO3  0.90  0.20 0.21 
TiO2  1.22  0.84 – 
Others  0.64  0.06 0.09 
Specific surface area (m2/kg)  450  521 23200 
Specific gravity (kg/m3)  2390  2910 2200  
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for the repeat tests. Note that in the four mix designs shown in Table 2, 
two (S2CA0, S0CA0) represent the geopolymer mortar (GPM) with and 
without steel fibre and the other two (S2CA30, S0CA30) represent the 
GPC with and without steel fibre. 

2.2. Preparation of specimens 

During the mixing process, the coarse aggregate, fine aggregate, 
GGBS, FA and SF were mixed first (dry mix) by a hand-held mixer for 
two minutes. Then the steel fibre was placed into the mixer for a further 
dry mixing for three minutes. NaOH was dissolved first in water for five 
minutes and then sodium silicate was added into the solution and stir the 
mixture for five more minutes to form the alkaline solution. The formed 
alkaline solution was then added into the mixer of solid constituents to 
start the wet mixing for about four minutes. After the completion of the 
wet mixing process, the fresh concrete was cast into the plastic moulds 
and vibrated for one minute. All specimens in moulds were then stored 
in a room of 20 ◦C temperature for 24 h. After the 24-hours mould 
curing, specimens were demoulded and then relocated to the curing 
room with the relative humidity of over 90% at ambient temperature for 
having another 28-days standard curing before they were tested. 

After the curing, both end surfaces of the specimens were polished. 
The specimens were then heated in an electric furnace with a constant 
rate of 5 ℃/min until the target temperature was reached. At the target 
temperature, the furnace temperature was kept unchanged for about 
two hours to obtain a relatively uniform temperature field within the 

specimens. After that, the specimens were moved to the physical and 
mechanical testing laboratories for a natural cooling. The mechanical 
tests of the specimens were carried out after the specimens had cooled 
down to the room temperature (~ 20 ◦C). Fig. 2 shows the specimens at 
different stages during their preparation processes. 

2.3. Microscopic tests 

The changes of GPM and GPC specimens in material and in micro
structure after they were exposed to elevated temperatures were 
investigated by using XRD, SEM, TGA/DTG, and MIP techniques. 
ESCALAB 250Xi X-Ray Photoelectron Spectroscopy with spatial resolu
tion of 20 µm was used to examine the chemical composition of the GPM 
samples. The scanning angles were taken from 0◦ to 90◦. VEGA Compact 
for SEM with resolution ratio of 3 nm and magnification of 2 × 106 

times was used to examine the microstructure of the GPC samples. 
TGA2/DSC3 with the sensitivity of 0.1 μg was used to measure the 
change in mass with respect to the change in temperature with the 
heating rate of 5 ℃/min. AutoPoreV automatic MIP with the capacity of 
detecting pores of sizes ranging from 3 nm to 1.1 mm was used to 
analyse the pore size distribution and the porosity of the GPM and GPC 
samples. The test equipment used and the GPM and GPC samples tested 
are shown in Fig. 3 and Fig. 4, respectively. 

Table 2 
Mixes of geopolymer mortar and geopolymer concrete (unit: kg/m3).  

Mix No. GGBS FA SF Fine aggregate Water Sodium silicate NaOH Steel fibre Coarse aggregate 

S0CA0  703  201  100  1105  229  254  6.77 \ \ 
S2CA0  689  197  98  1083  224  249  6.63 157 \ 
S0CA30  492  141  70  774  160  178  4.74 \ 900 
S2CA30  483  138  69  758  157  174  4.64 109.9 900  

Fig. 1. SEM images of GGBS, FA and SF.  

Fig. 2. Preparation of GPM and GPC specimens.  

M. Yu et al.                                                                                                                                                                                                                                      
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2.4. Mechanical tests 

The digital image correlation (DIC) equipment with a displacement 
resolution of 0.001 mm was used to measure the deformation of the 
tested GPM and GPC specimens. As shown in Fig. 5a, lines were drawn 
on the side surface of the specimens before the mechanical tests so that 
the deformation of the specimens can be easily detected by the DIC 
equipment, in which the interval of the circle lines was 25 mm. The 
strain of the specimens was calculated based on the deformation of the 
two lined grids located in the middle part of the specimens, that is ε =
Δ50/50. The axial compression tests were carried out using a servo- 
hydraulic material test system (MTS) with a maximum load capacity 
of 2500 kN (see Fig. 5b). During the test of a specimen about 30% of the 
peak load, which was calculated based on the compressive strength of 
the same mix obtained from our previous work [32], was first applied to 
the specimen to close the gap between the end surfaces of the specimen 
and the loading plates of the test machine. Then, the specimen was 
further loaded to 70% of its peak load with the stress rate of 0.8 MPa/s. 

After that, the loading control process was switched to the displacement 
control and the specimen was loaded at an axial displacement rate of 
0.002 mm/s. The test was terminated after the load reached to its peak 
point and then dropped to about 20% of its peak load. 

3. Microstructure analysis 

3.1. X-Ray diffraction analysis 

Fig. 6 shows the XRD graphs of the GPM sample after it was exposed 
to various elevated temperatures. It can be observed from the figure 
that, at the room temperature CaMg(CO3)2, Al6Si2O13, C-S-H, and SiO2 
are the main components of the geopolymer paste in the GPM. No 
obvious change could be seen in the XRD graphs between the specimen 
at room temperature and that at temperature 100 ℃. As the temperature 
rises from 100 ℃ to 300 ℃, SiO2 and CaMg(CO3)2 contents decrease, 
whereas C-S-H and Al6Si2O13 are almost not changed. As the tempera
ture rises from 300 ℃ to 500 ℃, the change in the chemical composition 

Fig. 3. Experimental equipment used for material characterisation.  

Fig. 4. GPM and GPC samples used for material characterisation.  

Fig. 5. Experimental equipment used for mechanical tests.  
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of the material seems not obvious. When the temperature rises from 
500 ℃ to 700 ℃, C-S-H is decomposed into β-C2S and C3S, which leads 
to the sharp decrease in the strength of C-A-S-H gel, and CaMg(CO3)2 
starts to disappear. After temperature 700 ◦C, Al6Si2O13 and CaMg 
(CO3)2 are decomposed almost completely, Ca2Mg(Si2O7) and Ca2Al 
(AlSiO7) are found, in which case the C-A-S-H gel almost losses its 
cohesiveness. 

3.2. Scanning electron microscopy analysis 

Fig. 7 shows the SEM images of GPC sample after it was exposed to 
various elevated temperatures. It can be observed from the images that, 
at room temperature the matrix in GPC consists of gel, GGBS, FA and SF 
with dense and stable surface. The interfacial transition zone (ITZ) 

between the matrix and steel fibre is relatively small when the tem
perature is below 100 ℃. ITZ is often found in concrete, and it is the 
region of the cement paste and mortar around aggregate particles, which 
is perturbed by the presence of the aggregate. In fibre-reinforced con
crete, ITZ is also found surrounding the fibre. However, as the temper
ature rises from 100 ℃ to 500 ℃, visible cracks can be found in the 
matrix which were caused by the thermal stress due to incompatible 
thermal deformation of different components, and the thickness of ITZ 
becomes large which is due to the nonuniform thermal expansion of the 
steel fibre in the matrix. When the temperature reaches to 700 ℃, the 
number of cracks in the matrix increases significantly and the surface of 
matrix becomes quite rough due to the decomposition of C-A-S-H gel. 
Meanwhile, the ITZ becomes significant larger. As the temperature 
reaches to 900 ℃, the matrix becomes a honeycomb-like structure. 

Fig. 6. XRD graphs of geopolymer mortar (S0CA0) after exposed to elevated temperatures.  

Fig. 7. SEM images of geopolymer concrete (S2CA30) after exposed to elevated temperatures.  
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3.3. Thermal gravimetric analysis and derivative thermogravimetric 
analysis 

Fig. 8 shows the TGA/DTGA results of the GPM powder and the mass 
loss of the GPM cylindrical specimens after exposed to elevated tem
peratures. It can be seen from the figure that the mass loss of the powder 
is larger than that of the cylindrical specimen, especially for the tem
perature at 100 ℃. The reason for this is because not all the air inside the 
cylindrical specimen is released out and some of the air is trapped in the 
pores. With the increase of temperature, however, more pores become 
connected, in which case the air is easy to escape and thus the mass 
losses in the powder and cylindrical specimen become to be closer. It can 
also be found that the rate of mass loss in the powder remains almost 
unchanged as the temperature exceeds 700 ℃. However, the rate of 
mass loss in the cylindrical specimen is higher. The latter is because 
some parts of the cylindrical specimen become powdery. 

3.4. Mercury intrusion porosimetry analysis 

Fig. 9 shows the pore size distribution, porosity, and averaged pore 
diameter of GPM and GPC specimens at room temperature obtained 
from MIP measurement. It can be found from the figure that the porosity 
increases when the specimens were mixed with steel fibre or coarse 
aggregate. This increase is mainly attributed to the increase of the large 
pores, which is likely caused by the ITZ between the mortar and steel 
fibre or between the mortar and coarse aggregate. Fig. 10 shows the pore 
size distribution, porosity, and averaged pore diameter of GPC speci
mens after they were exposed to various elevated temperatures. It can be 
seen from the figure that, for temperature below 500 ℃ the porosity 
increases gradually with the increased exposure temperature. However, 
after the exposure temperature exceeds 500 ℃, there is a jump in both 
the porosity and pore sizes. The latter is mainly attributed to the 
microcracks generated by the thermal expansion stresses. It is these 
microcracks that lead to a sharp decrease in the residual strength of the 
concrete, which will be discussed in the Section 4 below. 

4. Mechanical analysis 

4.1. Failure modes of specimens 

Fig. 11 shows the morphology of the GPM and GPC specimens with 
and without steel fibre after they were exposed to different elevated 
temperatures. It can be seen from the figure that, the surface colour of 
the specimen changed from dark to light and then back to dark while the 
exposure temperature increased from 20 ℃ to 900 ℃. Also, it can be 
observed that, when the exposure temperature reached to 500 ℃, 
visible cracks appeared on the specimen surface, and the cracks were 
more obvious for the specimens with steel fibre and/or coarse aggregate. 
The latter is due to the incompatibility in the thermal expansion 

between mortar, coarse aggregate, and steel fibre materials. 
Fig. 12 shows the failure modes of the GPM and GPC specimens with 

and without steel fibre obtained from our compressive tests. It can be 
seen from the figure that the exposure temperature of the specimen has a 
significant effect on the compressive failure mode of the specimen, 
particularly when the exposure temperature is very high. For the spec
imens with the exposure temperature not exceeding 500 ℃, cracks can 
be seen on the surface of the specimens, but the specimens almost 
remained integrated when they failed. When the exposure temperature 
reached to 700 ℃, the specimens spalled off but the debris were mainly 
from the area surrounding a few major cracks. When the exposure 
temperature reached to 900 ℃, the specimens also had spalling, but the 
debris were in the form of powder. It can be also observed from the 
figure that, the failure mode of the specimens with steel fibre showed 
significant difference from that of specimens without steel fibre. The 
spalling is much less in the specimens with steel fibre than in the spec
imens without steel fibre, indicating that the addition of steel fibre in 
concrete can increase the ductility of the mixed concrete. The reason for 
this is partly because the randomly oriented steel fibres can absorb 
substantial amount of strain energy when they are pulled off from the 
matrix, and partly because they can prevent the widening up of concrete 
cracks and thus are able to maintain the specimen integration when it 
fails [33]. 

4.2. Stress-strain relationship 

Fig. 13 plots the compressive stress-strain curves of the GPM and GPC 
specimens with and without steel fibre, obtained from the compressive 
tests after the specimens were exposed to various elevated temperatures. 
In general, the stress-strain relationship can be characterised into four 
different stages as shown in Fig. 14, namely, elastic stage (OA), elasto
plastic stage (AB), post-peak declining stage, and failure stage. At the 
elastic stage, the stress increases almost linearly with the increase of 
strain and no obvious cracks were observed on the surface of the spec
imens. As the stress exceeds approximately 60% of the ultimate strength, 
the curve enters the elastoplastic stage, where noise was heard during 
the test and microcracks occurred inside the specimen. However, these 
microcracks were hardly visible by the naked eyes. It is noted that, for 
the same strain and the same temperature the stress in the specimens 
with steel fibres is higher than that in the specimens without steel fibres, 
which demonstrates that the steel fibre plays an important role in sup
pressing the crack development. After the stress reaches to its peak 
value, the curve enters the declining stage, where the cracks become 
visible. In this stage, the content of steel fibre has a clear effect on the 
bridging force. As the curve reaches to the breaking point C (see Fig. 14), 
the curve enters the failure stage. A fracture zone appears alongside the 
shear plane and the width of the fracture zone gradually increases. 

The difference in the stress-strain curves between different exposed 
temperatures for each type of tested specimens can be viewed at the 
characteristic points of the stress-strain curves. In general, as the 
exposed temperature increases, the ascending part of the stress–strain 
curve becomes less stiff, the peak stress reduces and the corresponding 
peak strain increases, and the descending part of the stress-strain curve 
tends more flattening. The latter is more obvious for the GPC specimens 
reinforced with steel fibre. 

4.3. Analysis of featured points and indicators 

4.3.1. Compressive strength 
The compressive strengths of the GPM and GPC specimens with and 

without steel fibre after they were exposed to various elevated tem
peratures, obtained from our tests are plotted in Fig. 15. It can be seen 
from the figure that, the overall variation trend of the compressive 
strength with the exposure temperature seems very similar for all the 
tested specimens. The slight difference in the reduction of compressive 
strength between the four different types of concrete tested is mainly 

Fig. 8. Mass losses of geopolymer mortar powder (S0CA0) and geopolymer 
mortar cylindrical specimen (S0CA0) after exposed to elevated temperatures. 
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due to the different contributions of coarse aggregate and steel fibre 
mixed in the specimens [34]. For the exposure temperature between 
20 ℃ and 100 ℃, all specimens have nearly 95% of their initial 
strengths on average. For the exposure temperatures in the range of 
100–300 ℃, the compressive strength decreases sharply with increased 
exposure temperature. When the exposure temperature reaches to 
300 ℃, the compressive strengths of GPC and GPM specimens with steel 
fibre reduced to about 65% of their initial strengths, whereas the 
compressive strengths of GPC and GPM specimens without steel fibre 

reduced to about 50% of their initial strengths. The reason that the 
compressive strength had a rapid drop when the exposure temperature is 
in the range of 150–300 ℃ is believed to be due to the phase trans
formation of calcium aluminate hydrates occurred at temperatures 
below 300 ◦C which weakened its strength [35]. For the exposure 
temperatures from 300 ℃ to 500 ℃, the drop in compressive strength 
becomes moderate for all the tested specimens. This could be attributed 
to the thermal incompatibility between aggregate and geopolymer ma
trix at high temperatures which led to the formation of internal cracks 

Fig. 9. Pore distribution in different mixtures at room temperature.  

Fig. 10. Pore distribution in geopolymer concrete (S2CA30) after exposed to elevated temperatures.  

Fig. 11. Morphology of GPM sand GPC specimens after exposed to different elevated temperatures.  
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and thermal stresses that weakened the concrete. When the exposure 
temperature increased from 500 ℃ to 700 ℃, the compressive strength 
decreased significantly. After they were exposed to 700 ℃, all speci
mens had less than 10% of their initial strengths. The reason for this is 
partly because the dehydration of the gels and the formation of crystals 
coincided with the development of larger pores and more cracks, and 
partly because the complete decomposition of C-A-S-H which took place 
around the temperature 600 ◦C, as both could exacerbate the mechan
ical degradation and volumetric disintegration [36]. 

Fig. 15 also shows that the compressive strength of the GPC specimen 
without steel fibre is higher than that of the corresponding GPM spec
imen without steel fibre regardless of the exposure temperature, indi
cating that the coarse aggregate has a positive effect on the compressive 
strength of GPC. Moreover, the comparison of compressive strengths 
between the GPM specimens with and without steel fibre or between the 
GPC specimens with and without steel fibre shows that the addition of 
steel fibre in mortar or in concrete can significantly increase the 
compressive strength of the mixed mortar or concrete despite the 
exposure temperature; this appears to be consistent with what was re
ported in literature [29,37]. However, it is interesting to note that the 
compressive strength of the steel fibre-reinforced GPC specimen is not as 
good as that of the steel fibre-reinforced GPM specimen for most of 
exposure temperatures. This is probably due to the low workability and 
high porosity caused by the steel fibre and coarse aggregate when they 
both were mixed in concrete, which produces more defects in steel 
fibre-reinforced GPC than in steel fibre-reinforced GPM and leads to a 
decrease in strength in the steel fibre-reinforced GPC. In addition, the 
thermal incompatibility between steel fibre and coarse aggregate 
around temperatures 300 ◦C and 500 ◦C may also damage the binding of 
steel fibre in GPC matrix and thus reduce the residual strength of the 
steel fibre-reinforced GPC. 

The residual compressive strength of the steel fibre-reinforced OPC 

concrete after exposed to various elevated temperatures has been re
ported in literature [29,37]. The summarised results given by Wu et al. 
[29] (Fig. 6, page 7) showed that the relative residual compressive 
strength of steel fibre-reinforced OPC concrete with SCMs reduces 
almost linearly with the exposed temperature, and when the exposed 
temperature reaches to 800 ◦C the corresponding relative residual 
compressive strength is about 20~30%. This kind of reduction trend in 
residual compressive strength appears different from what is shown here 
in Fig. 15b where the sharp reduction occurs mainly in the two tem
perature zones. This demonstrates that the residual properties of GPM 
and GPC are different from that of OPC concrete after exposed to 
elevated temperatures. 

4.3.2. Elastic modulus 
In the present study, the elastic modulus was calculated based on the 

secant modulus at the 40% stress level of its peak stress. Fig. 16 plots the 
variation of the elastic modulus with exposure temperature for GPM and 
GPC specimens with and without steel fibre. It can be seen from the 
figure that the elastic modulus decreases sharply with the increase of 
exposure temperature regardless of the concrete mix design. The resid
ual elastic modulus was about 92%, 37%, 26%, 5% and 4% of its 
ambient elastic modulus (20 ℃) on average after the specimen was 
exposed to temperature 100 ℃, 300 ℃, 500 ℃, 700 ℃ and 900 ℃, 
respectively. Like to the strength reduction, the elastic modulus reduc
tion was also found to be very quick in the exposure temperature ranges 
from 100 ℃ to 300 ℃ and from 500 ℃ to 700 ℃. Furthermore, by 
comparing the results shown in Fig. 15 and Fig. 16, one can find that, for 
the same mix design and the same exposure temperature the reduction 
in elastic modulus is greater than the reduction in compressive strength. 
Overall, the GPC specimens have higher elastic modulus than GPM 
specimens regardless of the exposure temperatures, indicating that the 
coarse aggregate plays an important role in increasing the stiffness of 

Fig. 12. Failure modes of GPM sand GPC specimens after exposed to different elevated temperatures.  
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concrete. The effect of steel fibre on the elastic modulus is found more 
remarkable in the GPM specimen when the exposure temperature is not 
greater than 100 ◦C. In contrast, its effect on the elastic modulus of GPC 
specimen is rather small and almost negligible. 

4.3.3. Peak strain 
The peak strain of a specimen refers to the strain of the specimen 

when the applied stress is at the peak point of the stress-strain curve, 
which is one of the measures reflecting the deformation capability of the 
concrete. Fig. 17 shows the variation of the peak strain with exposure 
temperature for the GPM and GPC specimens with and without steel 
fibre. It can be seen from the figure that, for all specimens the peak strain 
increases with increased exposure temperature. On average, the peak 
strain of the specimens tested increased by 1.01, 1.43, 1.6, 2.47 and 1.64 
times after they were exposed to the temperature 100 ℃, 300 ℃, 
500 ℃, 700 ℃ and 900 ℃, respectively. For the specimens with 

different mixes, the rate of the increase is also different. It seems that the 
GPM specimen without steel fibre has the lowest increase rate, followed 
by the GPC specimen without steel fibre. The GPM specimen with steel 
fibre has the largest increase rate, indicating that the addition of steel 
fibre in GPM or in GPC can improve the deformation capability of the 
mixed concrete. Also, it can be seen from the figure that, in general, GPM 
has higher peak strain than GPC. 

4.3.4. Toughness 
Toughness is referred to as the capability of the material to absorb 

energy and deform plastically without any fracture, which is an 
important parameter used for evaluating the ductility of the material. As 
indicated in Fig. 18, in the present study the toughness index is calcu
lated as the ratio of the post-peak area (SB) above the 0.3 fc stress line to 
the pre-peak area (SA) also above the 0.3 fc stress line in the stress-strain 
curve where fc is the peak stress [38]. Fig. 19 shows the variation of the 
toughness index of the GPM and GPC specimens with and without steel 
fibre with exposure temperature. It can be seen from the figure that, for 
all tested specimens the relative toughness index exhibits an initial 
decreasing trend, followed by a slight recovering for the GPM and GPC 
specimens with steel fibre or an increasing for the GPM and GPC spec
imens without steel fibre. This indicates that the effect of exposure 
temperature on the toughness index of GPM (or GPC) with and without 
steel fibre is significantly different. 

4.4. Stress–strain-temperature equations of GPM and GPC after exposed 
to elevated temperatures 

Based on the experimentally obtained stress-strain data shown in 
Fig. 13, we have performed a regression analysis for each type of mixed 

Fig. 13. Stress–strain curves of GPM and GPC specimens after exposed to different elevated temperatures (model curves will be discussed in Section 4.4).  

Fig. 14. Typical axial compression stress-strain curve.  
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GPM and GPC, from which the following empirical formulas are ob
tained for the residual compressive strength, residual elastic modulus, 
peak strain, and toughness index, 

fc,T = fc,0⋅e
−

(

af ⋅T − 20
1000

)bf

(1)  

εp,T = εp,0

(

aε

(
T − 20
1000

)2

+ bε

(
T − 20
1000

)

+ 1

)

(2)  

ET = E0⋅e
−

(

T− 20
300

)bE

(3)  

Fig. 15. Compressive strengths of GPM and GPC specimens after exposed to elevated temperatures.  

Fig. 16. Elastic moduli of GPM and GPC specimens after exposed to elevated temperatures.  

Fig. 17. Peak strains of GPM and GPC specimens after exposed to elevated temperatures.  
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γT = γ0

(

aγ

(
T − 20
1000

)2

+ bγ

(
T − 20
1000

)

+ 1

)

(4)  

where fc,0 and fc,T are the peak stresses of the specimen at ambient 
temperature and after it was exposed to temperature T, εp,0 and εp,T are 
the peak strains of the specimen at ambient temperature and after it was 
exposed to temperature T, E0 and ET are the elastic moduli of the 
specimen at ambient temperature and after it was exposed to tempera
ture T, γ0 and γT are the toughness indexes of the specimen at ambient 
temperature and after it was exposed to temperature T, and af, bf, aε, bε, 
bE, aγ, bγ are the fitting constants, respectively. The values of these fitting 
constants are listed in Table 3. 

To demonstrate the above proposed empirical equations, Fig. 20 
shows the comparisons of the compressive strength, elastic modulus, 
peak strain, and toughness index results obtained from our experiments 
and the proposed equations. It is evident that all four parameters have 
very good agreement between the experimental data and calculated 
results. 

Several analytical models have been proposed to interpret the 
experimental stress–strain-temperature curve [34,39,40]. Chinese Code 
for design of concrete structures (GB50010) also provides a stress–
strain-temperature relation expressed by Eq.(5) as follows [41–43], 

σT =

⎧
⎪⎨

⎪⎩

ρc,T n
n − 1 + xnET εT , x ≤ 1

ρc,T

αc,T(x − 1)2
+ x

ET εT , x > 1
, n =

ET εp,T

ET εp,T − fc,T
, ρc,T =

fc,T

ET εp,T

(5)  

where x = εT/εp,T , εT is the compressive strain, σT is the compressive 
stress, and αc,T is the independent factor that controls the shape of the 
descending part of the stress-strain curve.In the present study, the 
ascending part of the stress-strain curve (x ≤ 1) given in the Code 
(GB50010) is adopted. However, the descending part of the stress-strain 
curve (x＞1) is obtained by using Eq.(6) for αc,T, which is obtained by the 
best fit of Eq.(5) to our experimental data, 

αc,T = αc,0

(

aα

(
T − 20
1000

)2

+ bα

(
T − 20
1000

)

+ 1

)

(6)  

where aα, bα, αc,o are the fitting constants and their values are given in 
Table 3. To validate the proposed model, that is Eqs.(1)–(6), the 
stress–strain-temperature curves calculated from the present model for 
each type of mixed GPM and GPC are also plotted in Fig. 13. It can be 
seen from the comparisons shown in the figure that, the proposed stress- 
strain-temperature model agrees well with the test results for both the 
GPM and GPC specimens with and without steel fibre. 

5. Conclusions 

In the present paper we have reported an experimental investigation 
on the micro- and macro-mechanical properties of GPM and GPC pro
duced by using multiple precursors (GGBC, FA and SF), with and 
without steel fibre after they were exposed to various elevated tem
peratures. The work includes the material characterisation analysis 
using XRD, SEM, TGA/DTG and MIP techniques, and the compressive 
strengths and stress-strain curves of GPM and GPC specimens with and 
without steel fibre using standard compressive tests. Based on the ob
tained experimental results, an exposure temperature-dependent stress- 
strain constitutive equation has been also proposed to describe the effect 

Fig. 18. Definition of toughness index for concrete materials.  

Fig. 19. Toughness of GPM and GPC specimens after exposed to elevated temperatures.  

Table 3 
Model paramaters used in different mixes.   

af bf bE aε bε aγ bγ aα bα αc,0 

S0CA0  2.36  1.4  1.38  -0.87  1.1  3.2  -1.54  -1.16  -0.02  7.19 
S0CA30  2.43  1.48  1.17  -0.44  1.66  2.62  -1.1  -1.16  -0.02  8.89 
S2CA0  2  2  1.14  -3.2  4.16  2.42  -2.43  -14.6  12.5  2.06 
S2CA30  2  1.8  1.23  -2.9  3.69  1.42  -1.6  -7.7  6.9  2.13  
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of the exposure temperature on the mechanical properties of the GPM 
and GPC. From the present study the following conclusions can be 
drawn:  

1) The geopolymer products made from GGBS, FA and SF would have a 
phase transformation at temperatures below 300 ◦C, which will 
weaken its strength at some extent. When the exposure temperature 
exceeds 700 ◦C, the complete decomposition of C-A-S-H, the dehy
dration of gels, and the formation of crystals accompanying with the 
development of large pores and more cracks lead to a great loss in 
strength of the material.  

2) The residual compressive strengths of GPM and GPC specimens with 
and without steel fibre decrease with the increased exposure tem
perature. The residual compressive strength of the GPM or GPC 
specimen with steel fibre is higher than that of the GPM or GPC 
specimen without steel fibre. GPC specimen has higher residual 
compressive strength than GPM specimen when they are not rein
forced with steel fibre. However, when they are reinforced with steel 
fibre, the residual compressive strength of the GPM specimen is 
slightly higher than that of the GPC specimen.  

3) The reduction of the compressive strength of the GPM and GPC 
specimens with and without steel fibre was found more rapid in the 
two exposure temperature ranges. One is between 150 ℃ and 300 ℃ 
where the phase transformation of calcium aluminate hydrates takes 
place, and the other is between 500 ℃ and 700 ◦C where large pores 
and cracks were developed due to the dehydration of the gels, the 
formation of crystals, and the complete decomposition of C-A-S-H.  

4) In all the tested specimens, the reduction of the residual elastic 
modulus was found to be quicker than that of the residual 
compressive strength. Overall, the GPC specimens have higher re
sidual elastic modulus than GPM specimens regardless of the expo
sure temperatures. The effect of steel fibre on the elastic modulus was 
found more remarkable in the GPM specimens than in GPC 
specimens.  

5) For all the tested specimens the peak strain increases with increased 
exposure temperature, but the increase rate is different for different 
mixes. The GPM specimen without steel fibre has the lowest increase 
rate, followed by the GPC specimen without steel fibre. The GPM 
specimen with steel fibre has the largest increase rate, indicating that 
the addition of steel fibre in GPM or in GPC can improve the defor
mation capability of the mixed concrete.  

6) The residual stress-strain constitutive equation of the GPM and GPC 
with and without steel fibre after they were exposed to various 
elevated temperatures can be described by using the stress-strain 
equation proposed in Chinese design code but the compressive 
strength, peak strain, elastic modulus, and the shape control 
parameter used in the equation have to be redefined and they have to 
be exposure temperature dependent. 
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