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ABSTRACT

Strain hardening geopolymer composite (SHGC) is a sustainable fibre-reinforced material that exhibits superior
strain-hardening and multiple cracking behaviour under tension. The geopolymer binder synthesised through
alkali-activation of aluminosilicate precursors sourced from industrial by-products is chemically stable at
elevated temperatures. This paper presents a systematic experimental study on behaviour of fly ash-slag based
SHGC reinforced with polyvinyl alcohol (PVA) fibres exposed to elevated temperatures up to 800 °C through
weight loss, uniaxial compressive, ultrasonic pulse velocity (UPV) and uniaxial tensile tests as well as thermal
analysis using thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and derivative ther-
mogravimetry (DTG), X-ray diffraction (XRD), scanning electron microscope (SEM) and mercury intrusion
porosimetry (MIP). Results indicate that the compressive strength of SHGC is increased until exposure to 250 °C,
followed by a decline up to 600 °C and a regain at 800 °C. The strength gain mechanisms include further
geopolymerisation that refines the microstructure, fibre bridging action and sintering that densifies the binder
gels, while the strength reduction can be attributed to the damage induced by internal moisture removals and
evaporation of fibres, decomposition of calcium compounds, and empty channels introduced by vanished fibres.
Besides, the SHGC specimens exposed up to 250 °C exhibit high ductility performance with saturated micro-
cracks when subjected to uniaxial tension, whilst those at 105 °C demonstrate the best strain-hardening degree
because of the desired fibre-matrix interaction and enhanced matrix strength. Moreover, no spalling can be
observed in SHGC due to its relatively porous structure.

1. Introduction

Elevated temperatures can pose serious threats to concrete structures
due to mechanical strength loss, spalling and cracking in concrete,
depending on the exposure time and temperature [1,2]. The significant
damage of concrete structures can result in unpredictable losses of lives
and properties, especially when it is difficult to distinguish fire, e.g.,
underground [3]. Therefore, many efforts have been made to tackle or
mitigate these issues by developing advanced materials with enhanced
heat resistance and comparable mechanical performance. Geopolymer,
also known as alkali-activated material, has been regarded as a sus-
tainable alternative to ordinary Portland cement because of its low
carbon emission, which is produced through the polymeric reaction of
alkaline activators and aluminosilicate precursors [4,5]. Alkali hydrox-
ides and silicates such as sodium hydroxide (NaOH) and sodium silicate
(NaySiOg) are generally used as the alkaline solution in geopolymers [6].
Industrial by-products such as fly ash (FA) and ground granulated
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blast-furnace slag (GGBS) have been commonly used as suitable raw
materials for geopolymers owing to their sufficient composition of silica
and alumina as well as wide availability [4,7-9]. FA-based geopolymer
has been a promising substitute for cementitious materials because of its
superior mechanical properties, durability and fire resistance [10-14].
In recent years, an increasing number of attempts have been made to
develop geopolymer as a heat or fire resistant material by assessing its
chemistry, microstructure and microscopic properties at high tempera-
tures. A general agreement has been reached that FA-based geopolymers
exhibit excellent chemical stability after heat exposure, as opposed to
ordinary Portland cement [15-19]. FA-based geopolymers heated up to
1000 °C largely maintained their amorphous structures with minimal
crystalline phase changes and had improved compressive strength
[15-18,20,21]. The primary mechanism behind this strength gain is the
sintering effect that alters the microstructure of FA-based geopolymers
at high temperatures. This is because sintering can lead to (1) flow of
aluminosilicates that boost the interparticle bonding [16], (2)
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densification that increases the gel-to-space ratio [17], and (3) high
portion of micropores that allow moisture to leave during heating [21].
However, the reduction in strength was also observed in FA-based
geopolymers due to enlarged pores and crack development caused by
escaping vapour at elevated temperatures [15,17,18]. The extent of
cracking is dependent on the pressure accumulation induced by internal
water transport that is highly governed by the pore structure of geo-
polymers [16,18,22]. Although FA-based geopolymers show superior
heat resistance, they require rigorous curing conditions of 60-85 °C to
achieve early-strength gain [23-25]. To conquer this problem, GGBS can
be added into the FA-based geopolymers to facilitate the formation of
reaction products under ambient curing conditions [26-30]. The bind-
ing gels in this system are N-A-S-H gels from the FA reaction which
improve durability, C-A-S-H gels generated by GGBS activation that
enhance mechanical strength and have lower porosity, and N-C-A-S-H
gels formed by the calcium incorporation in N-A-S-H gels [31-33].
Depending on the competing thermally induced microstructural evolu-
tion, different thermal effects on mechanical properties of FA-GGBS
based geopolymers have been reported [34-39]. The reasons for
strength loss mainly include: (1) increase in porosity [36], (2) calcite
decomposition and decreased thermal stability of N-C-A-S-H gel [35],
and (3) crack formation due to thermal strain discrepancy between
geopolymer matrix and aggregates [37], while sintering is the main
cause of strength regain [34].

Due to the intrinsic brittleness of geopolymer, different fibres
including steel, carbon, synthetic and natural fibres were incorporated
into geopolymer to obtain desirable mechanical and thermal properties
for engineering applications [40]. Strain hardening geopolymer com-
posite (SHGC), also called engineered geopolymer composite (EGC), is a
special class of fibre-reinforced geopolymer composite (FRGC) that
combines the features of strain hardening cementitious composite
(SHCC) or engineered cementitious composite (ECC) and geopolymer.
SHCC or ECC is a micromechanics-based designed material with
extraordinary strain-hardening and multiple cracking behaviour under
tensile loading [41-44]. Synthetic fibres such as polyvinyl alcohol (PVA)
fibre and polyethylene (PE) fibre are usually used to reinforce cemen-
titious or geopolymer matrices. The mechanical properties of SHGC
made from FA, GGBS, and FA-GGBS based geopolymer reinforced with
PVA fibres have been extensively investigated. It was reported that
SHGC exhibited excellent ductility performance with a tensile capacity
of 3.0-4.5%, a tensile strength of up to 6.8 MPa, and tight crack widths
of below 50 pm, whilst maintained sufficient compressive strength of
45.7-102.3 MPa [45-50]. Recently, SHGC with a blended binder system
has attracted increasing interest because of its sustainable features,
strain-hardening performance under tensile loading and enhanced
durability by well-controlled crack widths. However, PVA fibre melts at
around 250 °C and decomposes into gases at a temperature above
400 °C, which would affect the properties of SHGC at high temperatures
[51-53]. Up to now, only limited studies have explored the effect of
elevated temperatures on the behaviour of FRGC [54-58]. It was
demonstrated that the bridging effect and strong adhesion between
carbon fibre and matrix enhanced the flexural strength and toughness of
metakaolin-based geopolymer at high temperatures [58,59]. Masi et al.
[60] examined the influences of PVA and basalt fibres on the thermal
performance of FA-based geopolymers up to 250 °C and 1000 °C,
respectively. They found that PVA fibres sustained the flexural strength
of geopolymer up to 150 °C, while basalt fibres increased the flexural
strength as sintering contributed to the strong fibre-matrix adhesion
beyond 700 °C. Moreover, steel fibre-reinforced geopolymer composites
improved their compressive and tensile strengths up to 400 °C, after
which they underwent strength losses due to damage of fibres and
aggregate-matrix interface [61]. However, most of the studies only
focused on typical FRGC while the behaviour of FA-GGBS based SHGC at
elevated temperatures has been rarely explored, which would restrain
its engineering applications. Thus, it is vital to investigate the changes in
engineering properties and microstructural evolution of FA-GGBS based
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SHGC subjected to elevated temperatures, starting from ambient con-
ditions to high temperatures, which would enable us to better under-
stand the damage evolution and predict the response of SHGC structural
elements under thermal/fire exposure.

The main purpose of this study is to systematically investigate the
behaviour of PVA fibre reinforced FA-GGBS based SHGC cured at
ambient temperature when subjected to elevated temperatures,
including room temperature, 105, 250, 400, 600, and 800 °C. A series of
tests were conducted to explore the macroscopic engineering properties
of SHGC after heat exposure in terms of weight loss, compressive
strength, ultrasonic pulse velocity (UPV) and uniaxial tensile behaviour.
Afterwards, the thermal behaviour and microstructural characteristics
of SHGC against elevated temperatures were examined using thermog-
ravimetric analysis (TGA), differential scanning calorimetry (DSC), de-
rivative thermogravimetry (DTG), X-ray diffraction (XRD), scanning
electron microscope (SEM) and mercury intrusion porosimetry (MIP).
Finally, the relationships between the macroscopic observations and
microstructure evolution of SHGC are discussed in detail based on the
experimental results to provide new insights into the underlying
mechanisms of damage evolution in SHGC exposed to elevated
temperatures.

2. Experimental program
2.1. Raw materials

In this study, low-calcium FA (corresponding to ASTM C618 - 17a
[62]) and GGBS were selected as the precursors to synthesise geo-
polymer, the chemical compositions and particle size distribution of
which are presented in Table 1 and Fig. 1, respectively. FA has an
average particle size of 19.58 pm and a specific gravity of 2.19, while the
average particle size and specific gravity of GGBS are 9.78 pm and 2.90,
respectively.

A mixture of sodium hydroxide (NaOH) solution with a molarity of
10 and sodium silicate (NaySiOs3) solution with a SiO5/Na,O ratio of
3.15 (Nay0: 8.5 wt%, SiOs: 26.8 wt%, HO: 64.7 wt%) was used as the
alkaline activator. The specific gravities of NaOH and Na,SiO3 are 1.31
and 1.38, respectively. To achieve acceptable workability of the mix-
tures and ensure a uniform fibre dispersion, the polycarboxylate-based
superplasticiser (SP, Sika®ViscoFlow®3000) was added [47,50,63],
the properties of which are presented in Table 2. To limit the fracture
toughness and maintain the strain-hardening behaviour of SHGC [58],
the silica sand with a specific gravity of 2.66, a mean grain size of 130
pm and a maximum grain size of 250 pm was used in this study, the
particle size distribution of which is also shown in Fig. 1.

In this work, PVA fibres (Kuraray Co., Ltd., Japan) were adopted as
reinforcement for SHGC, which were coated with 1.2 wt% oil content to
control the interfacial properties between matrix and fibres. The thermal
analysis of PVA fibres was performed to investigate the effect of elevated
temperature on the mass loss and heat flow of fibres. Fig. 2 demonstrates
the TGA, DSC, and DTG curves of PVA fibres from ambient temperature
to around 600 °C, indicating that the melting point of PVA fibres is
248 °C, with most of the mass loss observed between approximately
250 °C and 475 °C. This was originated from the decomposition of
polymeric side chains as the melting and vaporisation process. The final
mass loss of PVA fibres was found to be over 94% at 570 °C, which
became thermally unstable above 366 °C as the main chain of them
decomposed, with a maximum rate of mass loss of 14%/min at this
point. The peak at 439 °C corresponds to the degradation point of PVA
fibre constituents. More details about the PVA fibres are summarised in
Table 3.

2.2. Mix proportions

The mix proportions of SHGC used in this study are given in Table 4,
according to the previous studies [47,50,63]. The NapSiO3/NaOH ratio
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Table 1
Chemical compositions (wt%) of FA and GGBS.
Oxide SiOy Al,03 Fey03 CaO SO3 MgO TiO, P,0s LOI
FA 57.02 32.35 3.01 2.88 0.41 0.58 1.26 0.20 2.45
GGBS 31.85 17.31 0.34 41.20 1.78 6.13 0.62 0.02 0.39
Note: LOI (Loss on Ignition).
100 Table 4
Mix proportion of SHGC specimens.
Binder Silica sand/binder AL/ Sp/ PVA fibre (vol%)
80 - m binder binder
0.8 0.2 0.2 0.45 0.01 2.0
S 60
eo of the alkaline activator was 1.5. The constant fibre dosage was set as 2
2 vol% for investigation, as the mixtures reinforced with 2 vol% PVA fi-
£ 40 - bres can obtain a flow spread increase of 95 + 2% as per ASTM
C1437-15 [64].
204 2.3. Sample preparation
The 10 M NaOH solution was first prepared by mixing 400 g NaOH
p pellets with 1 L of water, which was then stored for 24 h to release heat
! : J J before the mixing procedures. The mixing process of SHGC began with
0.1 1 10 100 1000 . .. .
) ) the drying mixing of FA, GGBS and sand for 1.5 min, followed by the
Particle size (um) addition of alkaline activator. Afterwards, SP was added after another
ixi f 1 min. PVA fib. th dually added t
Fig. 1. Particle size distribution FA, GGBS and fine silica sand. rrpxmg.o m%n . res'were en gra' ua y 2.1 ed o ensure evern
dispersion of fibres in the mixture. The entire mixing process lasted for
9-9.5 min and was conducted in a 20 L planetary mixer with a constant
Table 2 speed of 140 rpm. The fresh mixtures were subsequently poured into

Properties of superplasticiser (SP).

Specific gravity (at pH Content of chloride Content of alkaline

20 °C) (25°C) ion (%) (%)
1.06 45+1.0 <0.1 <0.25
100 = 2 r2
ol :Vwm
1
-0 -0
1
80 1 I E F-2 -2
I |
o Mass loss:1 L_ L
S &0 i 91.5% : 4 =0 4 =
@ E at 475 °C g &
g Y 6 = 6 £
g ! } Mass loss: = S
= 1 94.6% g =~
= rasoec -8 O -8 O
2 404 ! a =
2 Melting point: 248.2 °C, -4.0 mW/mg 1 A [a)]
~ ! F-10 F-10
Degradation point: 438.8 °C, -5.175 mW/mg :
20 4 . F-12 F-12
1
- : F-14 F-14
Maximum decomposition rate: 365.6 °C, -14.0 %/min
0 T T T T T T = l 6 . 1 6
0 100 200 300 400 500 600 700
Temperature (°C)
Fig. 2. TGA, DSC and DSC curves of PVA fibre.
Table 3
Characteristics of PVA fibre.
Length Diameter Elongation at  Tensile Elastic Density
(mm) (um) break (%) strength modulus (kg/m®)
(MPa) (GPa)
12.0 40.0 6.5 1560 41.0 1300

different moulds that were placed on the vibrating table for better
compaction and removal of entrapped air. All samples were sealed by
plastic sheets for 24 h in the room temperature (20 + 2 °C), which were
demoulded and placed under the curing conditions (20 + 2 °C, 95%
relative humidity) for 28 d until the test stage.

2.4. Heating methods

At 28 d, the surfaces of samples were dried under ambient conditions
before the samples were heated up to the target temperatures. Herein,
the samples were exposed to 6 temperatures, including room tempera-
ture, 105, 250, 400, 600, and 800 °C. The heating process was simulated
with an electric furnace with a constant heating rate of 10 °C/min that
was employed in previous studies and is consistent with ASTM E831 [36,
65,66]. As per Refs. [67], the temperature differences between the
furnace and the sample centre were less than 1 °C when samples were
heated to 1000 °C. Since the maximum temperature was 800 °C, the
temperatures were maintained for 2 h to ensure all samples reached a
thermal equilibrium state [68]. The tests were carried out after the
samples were naturally cooled down to room temperature in the
furnace.

2.5. Test methods

2.5.1. Mass loss

The initial mass of 50 mm SHGC cubes (mg) was measured before the
heat exposure and the heated mass (m;) was then recorded to calculate
the mass loss affected by temperature exposure. The mass loss rate (ry,)
can be calculated as:

T'm :mo — m_l % 100% (1)
mo

2.5.2. Ultrasonic pulse velocity (UPV)
The UPV test was conducted on 50 x 100 mm SHGC cylinders after
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exposure to the target temperatures (i.e., 105, 250, 400, 600 and 800 °C)
and cooling down. In UPV test, an ultrasonic pulse passes through the
specimen and the transit time is measured. The end surfaces of speci-
mens were polished and flattened before the measurements were taken
by a pulse meter (HS-YS403B) with a transducer pair. The UPV tester
had a frequency range of 10 kHz —1.5 MHz and a sampling rate of 0.16
ps. For each measurement, sufficient gel was applied on the contact
interfaces between the transducers and the specimen. Then, the trans-
ducers were held firmly against the opposite surfaces of cylinder until
stable readings were obtained. The UPV (v) value of each specimen can
be calculated using the travel time (At) and the height of polished cyl-
inders (I) asv =/ At.

2.5.3. Uniaxial compressive test

The uniaxial compressive test was performed on SHGC cubes (50
mm x 50 mm x 50 mm) at 28 d, as per ASTM C109/C109M-20b [69].
The maximum load capacity of testing machine was 1000 kN and the
loading rate of 0.3 MPa/s, along with the peak sensitivity of 3 kN was set
for all specimens. The average compressive strength of three specimens
was used for all temperatures in this study.

2.5.4. Uniaxial tensile test

The uniaxial tensile test was carried out on the dog-bone shaped
SHGC specimens at 28 d with a loading rate of 0.5 mm/min. The ge-
ometry of dog-bone specimen and experimental setup are illustrated in
Fig. 3 [70]. During the test, the deformations were measured and
recorded using a pair of linear variable displacement transducers
(LVDTs) attached at both sides of the central gauge area with a length of
80 mm. The full range of tensile stress-strain relationship and the
cracking behaviour were determined with this setup. Herein, the key
tensile parameters of SHGC specimens representing tensile properties
were obtained from the stress-strain curves, including first-crack
strength (f), tensile strength (f;), tensile strain capacity (e;), and
strain energy, as demonstrated in Fig. 4 with the highlighted parameters.
In general, a typical tensile stress-strain curve of SHGC exhibited three

(a) Loading

LVDT 4
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Tensile stress (MPa)

Strain energy

v

Tensile strain (%)

Fig. 4. Typical tensile stress-strain curve and key parameters.

distinct stages, including a linear elastic stage, a strain-hardening stage,
and a strain softening stage. Since the curve may show a smooth tran-
sition point between the first and second stages, ff. is obtained at the
limit of proportionality of elastic stage in case the first stress drop is hard
to be identified. Strain energy that is the energy dissipation capacity per
unit volume during the strain-hardening stage is adopted as a measure of
strain-hardening degree. It was determined by obtaining the total area
under the ascending section of the stress-strain curve through integra-
tion. At the strain-hardening stage, the number of cracks increases with
the development of tensile strain capacity. Hence, the cracking behav-
iour, including crack numbers, crack widths, and fibre status at the
failure section, was determined with a digital microscope (WM401WIFI,
Shanghai) to understand the fibre bridging effect and toughening

(b)
8
4

:
|

Gauge
3 length 330
80

Unit: mm

Side view Plan view

Fig. 3. Uniaxial direct tensile test: (a) test setup; (b) geometry of dog-bone specimen.
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mechanisms. The crack patterns within the central area of interest were
also captured to illustrate the distribution of cracks.

2.5.5. Thermal analysis

DSC and TGA were conducted to determine the thermal stability of
PVA fibre and SHGC. The analysis was carried out on the powered
samples using the machine NETZSCH STA 490F5. The gas flow was 50
ml/min, whereas the constant hearing rate was 10 °C/min. The TGA and
DSC curves demonstrate the weight loss and the heat transformation of
samples at elevated temperatures, respectively. The DTG curve is the
derivative of the TGA curve to indicate the rates of weight loss.

2.5.6. X-ray diffractometer (XRD)

The phase stability of SHGC exposed to different temperatures was
investigated by means of XRD analysis, which has been widely applied
to evaluate the crystallographic structure of SHGC [16,36,71]. The XRD
patterns of SHGC samples exposed to different temperatures were
collected with the machine MPDDY2094 (PANalytical B.V.,
Netherlands). The fragments of cubes subjected to compression were
utilised for XRD analysis. The data was collected applying a 26 step size
of 0.02°, a scanning rate of 6°/min, and a 20 up to 90°.

2.5.7. Scanning electron microscope (SEM)

The microstructure evolution of fibres subjected to rising tempera-
tures was examined using the SEM equipment Phenom ProX at one fixed
position and relevant bonding at lower magnifications (<1000 x ).
Moreover, the fibre-matrix interfaces and matrix behaviour at higher
magnifications were captured with the apparatus TESCAN MIRA3. The
SHGC samples with dimensions smaller than 100 mm were cut and
grounded from cylinders used in UPV tests. Prior to testing in a vacuum,
these samples were coated with a layer of gold to eliminate charging
effects and optimise image resolution. The tests were carried out on flat
sections with an acceleration voltage of 10 kV.

2.5.8. Mercury intrusion porosimetry (MIP)

MIP was employed to characterise the pore structure of SHGC
exposed to high temperatures, in terms of porosity and pore size dis-
tribution (PSD). To prepare for this test, the specimen fragments ob-
tained from previous tests with sizes smaller than 500 mm® were
selected. The pore diameters ranging from 0.001 pm to 1000 pm were
investigated using pressurised mercury as a non-wetting liquid. In this
method, the mercury fills the larger pores first and progresses to the
smaller pores as the pressure is applied [72]. This test was carried out
using an AutoPore IV 9500 manufactured by Micromeritics Instrument
Corporation with a pressure range of up to 414 MPa. The contact angle
between the mercury and sample was assumed to be 130°.

3. Results
3.1. Weight loss and visual appearance

Fig. 5 shows the changes of weight loss of SHGC specimens from
room temperature to 800 °C relative to their original weights before the
heat exposure. Overall, the weight loss of SHGC increased with tem-
perature, while the results obtained from different samples for each
mixture were consistent with tiny variations. The weight loss can be
attributed to the evaporations of different types of water and PVA fibres
in SHGC. The weight reduction reached 2.6% upon 105 °C heating due
to the weakly absorbed and free water removals [21]. In the range of
105-250 °C, an apparent sharp decrease in weight with a value of 14.5%
took place, which can be mainly ascribed to the escaping tightly
absorbed water and chemically bound water in geopolymer gels as the
dehydration of amorphous matrix started [73,74]. Due to the presence
of calcium in GGBS, the decomposition of calcium-based reaction
products (such as C-S-H) also led to an increase in weight loss [75].
Meanwhile, PVA fibres started to melt at 248 °C, which contributed to
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Fig. 5. Weight loss of SHGC exposed to different temperatures.

some degrees of weight loss. Up to this stage, the weight loss associated
with the expel of free and structural water could lead to thermal
shrinkage, resulting in the formation of cracks inside the SHGC samples
[20]. Between 250 °C and 400 °C, the rate of weight loss was slightly
decreased, which reached 20.8% at 400 °C. The primary reasons are the
melting and evaporation of PVA fibres since 86% weight loss of fibres
was observed in this period, accompanied by further dehydroxylation of
hydroxy groups in geopolymer [74]. Afterwards, the ongoing dehydra-
tion of reaction products and the entire evaporation of PVA fibres were
responsible for the weight loss above 400 °C with a significantly reduced
rate, resulting in a total loss of 22.6%.

Fig. 6 demonstrates the images of SHGC samples after exposure to
different temperatures. No sign of spalling can be observed in all SHGC
specimens. The unexposed SHGC sample was grey at ambient temper-
ature, whilst the brownish degrees of samples increased with the heated
temperatures. This can be explained by the oxidation of inherent iron
compounds (Fe;O3) presented in FA and GGBS particles during heat
exposure [18]. After exposed to 250 °C, the SHGC sample became light
brown with burnt PVA fibres distributed on its surface. Herein, the
colour of PVA fibres turned from white up to 105 °C to golden brown
afterwards due to thermal decomposition. Then, the fibres completely
disappeared after 400 °C with few dark-brown residues left on the
samples exposed to higher temperatures. No surface cracks can be
observed on the samples subjected to below 800 °C. However, apparent
macrocracks developed in the sample at 800 °C, which can be ascribed
to the rise of thermal stresses and rapid shrinkage in the sample [15,76].

3.2. Compressive strength

Fig. 7 displays the failure modes of heated SHGC under uniaxial
compression. The samples remained their original shapes with visible
cracks developed in the cubes at room temperature, 105, and 250 °C,
whilst those exposed to 400, 600, and 800 °C experienced crushing
failure with flying fragments. The reinforced fibres provided extra en-
ergy to curtail the lateral tensile stress within the sample and prevented
the propagation of cracks, even when they partially melted at 250 °C
[77]. Above 400 °C, the PVA fibres completely degraded, resulting in the
loss of crack-bridging capacity in the specimens and thus the brittle
failures occurred at higher temperatures.

The average compressive strength of SHGC cured at ambient tem-
perature for 28 d after exposure to elevated temperatures is shown in
Fig. 8. The average compressive strength of SHGC at ambient
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Fig. 6. Visual appearance of SHGC exposed to different temperatures.

Fig. 7. Compressive failure modes of SHGC exposed to different temperatures.
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Fig. 8. Compressive strength of SHGC exposed to different temperatures.

temperature was 46.8 MPa and was increased by 34.3% compared to the
unheated SHGC with a value of 63.3 MPa after initial heating up to
105 °C. It is indicated that the heat treatment can facilitate the activa-
tion of unreacted FA particles presented in SHGC and led to strength
enhancement [23,78]. A slight decrease of 5.8% was observed for
compressive strength of SHGC after exposure to 200 °C, though still
28.5% higher than the initial strength. Following this, a significant drop
of 52.1% in compressive strength at 400 °C can be observed as all fibres
have melted. The retained strength of samples at 600 °C reached the

lowest point at 16.83 MPa, which was 36% of the unexposed strength.
However, after the exposure to 800 °C, the compressive strength of
samples exhibited a twofold increase compared to that of 600 °C. The
strength variations can be explained by different processes within the
samples that led to the two contradiction trends. The increase in
compressive strength at high temperatures is the result of further geo-
polymerisation and sintering effects in geopolymer matrix, along with
the crack-bridging effect of PVA fibres. In contrast, the mechanical
properties of SHGC at elevated temperatures can be reduced due to the
pore pressure effects caused by the removals of water and hydroxyls,
empty channels and microcracks induced by the melting PVA fibres, and
growth of porous structure in the matrix [18,36,56].

3.3. Ultrasonic pulse velocity

UPV is a non-destructive method used to evaluate the porosity and
permeability affected by the voids in cementitious materials, which is
usually applied to assess concrete strength and quality [79,80]. It was
also found that UPV values of geopolymers can be correlated to their
compressive strength with an adequate level of confidence [81-83].
Fig. 9 illustrates the UPV as an indicator of uniformity of SHGC exposed
at elevated temperatures, indicating that the UPV values of SHGC
exposed to elevated temperatures exhibit a similar trend with the
compressive strength results presented in Fig. 8. The ultrasonic speed of
SHGC was 2800 m/s at ambient temperature, with slight increases when
temperatures rose to 105 °C and 250 °C. This suggests that although the
water evaporation in geopolymer matrix increased as observed in the
weight loss, the voids within the samples reduced due to the further
geopolymerisation and a denser microstructure.

In addition, the discrepancies of strength results between ambient
temperature and 100 °C were more significant than that of UPV. This
suggests that the compressive strength was enhanced due to the
confining effect of PVA fibres as more energy is required to bridge cracks
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Fig. 9. Comparison of UPV values and compressive strength of SHGC exposed
to different temperatures.

[77]. Afterwards, a notable reduction of UPV implied that serious
damages existed in the specimens due to the effect of 400 °C, which is
consistent with the strength results. The melting and degradation pro-
cess of PVA fibres happened between 250 °C and 475 °C, resulting in the
formation of microscopic channels and microcracks in the specimens.
The increment of porosity and defects in SHGC after exposure to high
temperatures increased the transport distance of pulse waves and hence
lowered the UPV values. This trend continued to 600 °C, followed by an
increase from 1570 m/s to 2430 m/s when the temperature rose from
600 °C to 800 °C. This finding agrees well with the compressive strength
results, suggesting that the microstructure became denser at 800 °C. The
correlation between UPV and compressive strength of SHGC exposed to
elevated temperatures is shown in Fig. 10. There exists a linear rela-
tionship with a correlation coefficient of about 0.72, indicating that UPV
can be an acceptable indicator of the strength variations in SHGC after
exposure to elevated temperatures.

3.4. Uniaxial tensile behaviour

This section presents the uniaxial tensile behaviour of SHGC sub-
jected to elevated temperatures in terms of stress-strain response and
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Fig. 10. Relationship between UPV and compressive strength of SHGC exposed
to different temperatures.
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tensile properties, including crack number, crack width, first-crack
strength, tensile strength, strain capacity, and strain energy, which are
summarised in Table 5.

3.4.1. Stress-strain response

Fig. 11 shows the tensile stress-strain curves of SHGC exposed up to
250 °C since tensile strain-hardening behaviour vanished afterwards as
PVA fibres have melted and degraded. SHGC specimens exposed to
400-800 °C failed with one crack when the tensile strengths were
reached and thus the corresponding strain to the measured tensile
strengths (see Table 5) were not recorded. As observed, the specimens
heated up to 250 °C exhibited a similar trend with different magnitudes.
Firstly, the tensile stress increased proportionally with the minor strains
measured until the limit of proportionality was reached. Then, the
curves entered the strain-hardening region with a non-linear behaviour
and reduced gradient. In this region, the tensile stress steadily rose with
the recorded strain. The stress drops on this part of the curve indicated
the formation and propagation of microcracks during tensile loading.
During the test, the crack openings were limited as the PVA fibres
bridged the cracks, leading to the multiple microcracking behaviour.
Eventually, the highest point of tensile stress (i.e., tensile strength) was
reached, followed by the failures of specimens.

As seen in Fig. 11, the strain-hardening regions of specimens heated
to 105 °C were the longest, followed by that of the ambient ones and
then that exposed to 250 °C. The stress-strain curves of unheated spec-
imens exhibited apparent fluctuations in the strain-hardening region
due to the steadily developed microcracks. The curves tended to be
smoother for the specimens heated to 105 °C, implying that the formed
crack openings were smaller and resisted by the fibre-bridging effect
(Fig. 12a). Regarding the specimens exposed to 250 °C, the variations of
stress-strain curves looked greater than the other groups of specimens
with significant reductions in tensile strain capacity because of the
melting of PVA fibres.

As cracking behaviour is critical to durability and serviceability of
SHGC structural members [84], the crack patterns were captured in the
dog-bone central section after the load removal. To clearly demonstrate
the crack patterns, the images and their reproductions are displayed in
Fig. 13. The cracking behaviour was quantified in terms of crack number
and crack width in Table 5. The actual crack numbers and widths might
be higher due to the closure of some microcracks after unloading [85].
Multiple microcracks were formed and distributed over the area of in-
terest of specimens exposed up to 250 °C, whilst the specimens failed in
one single crack at higher temperatures. At room temperature, the
presence of PVA fibres in the geopolymer matrix resulted in saturated
crack patterns with a tight average crack width of 29.8 pm. The samples
exposed to 105 °C exhibited the highest number of cracks along with a
reduced average crack width of 21.7 pm, indicating that the
crack-controlling behaviour still retained and was even improved when
the specimens were heated to 105 °C. This can be attributed to the
slightly reduced tensile strength of PVA fibres under the exposure of
105 °C, which sustained the fibre bridging effect. As seen in Fig. 12a,
most PVA fibres were pulled out or bridging at the fracture section of
sample at 105 °C with no visible change of appearance, implying that the
fibre-matrix bonding and remained tensile strength of fibres were suf-
ficient to avoid fibre rupture at this temperature, resulting in the
restrained crack widths and excellent tensile performance [86]. How-
ever, the tensile strength of PVA fibres dropped obviously as they started
to melt and degraded when the temperature was further increased [87].
Thus, even though multiple cracks were formed in the specimen heated
to 250 °C, they were unsaturated as fibres across the crack can easily
rupture (Fig. 12b) due to the low tensile strength of fibre and the bond
between fibre and geopolymer matrix. In general, the cracking behav-
iour showed a good agreement with the tensile stress-strain curves
above.
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Key parameters of SHGC exposed to different temperatures in uniaxial direct tensile test.

Temperature (°C) ~ Average cracknumber  Average crack width (um)  Tensile strength (MPa)  First-crack strength Tensile capacity (%)  Tensile energy (kJ/
(MPa) m®)

Ambient 28 (1) 29.8 (11.6) 3.40 (0.33) 2.38 (0.20) 3.20 (0.57) 97.1 (18.6)

105 34.7 (3.5) 21.7 (11.5) 3.84 (0.14) 2.56 (0.32) 3.22 (0.85) 124.5 (26.2)

250 10 (1) 11.3(3.1) 4.22 (0.28) 2.82(0.29) 2.17 (0.17) 89.4 (11.3)

400 1 - 0.32 (0.22) - - -

600 1 - 0.71 (0.22) - - -

800 1 - 0.70 (0.12) - - -

Note: Numbers in parentheses are the standard deviations of corresponding parameters. The average crack number and width were obtained from a previous study

[47].
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Fig. 11. Tensile stress-strain curve pf SHGC exposed to ambient temperature,
105 °C and 250 °C.
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Fig. 12. Fibre status at fracture section of SHGC exposed to (a) 105 °C and
(b) 250 °C.

3.4.2. Tensile strength

Fig. 14 presents the first-crack strength of SHGC specimens heated up
to 250 °C and tensile strength of all specimens. The initial crack strength
and tensile strength of specimens showed a similar tendency that they
increased with temperatures below 250 °C as a result of the higher
matrix strength caused by further reaction and fibre bridging action. In
this temperature range, the first-crack strength and tensile strength were
enhanced by 18.4% and 24.2%, respectively, while at higher tempera-
tures, the specimens showed a brittle failure with tensile strength
dropped to below 1.0 MPa due to the complete elimination of fibre
bridging. However, similar to the compressive behaviour, higher tensile
strengths of SHGC were achieved because of the greater strength of
geopolymer matrix.

3.4.3. Tensile strain and energy

Fig. 15 displays the measured strain capacity and strain energy of
SHGC specimens, indicating a strain-hardening behaviour. These two
parameters demonstrated the same tendency as a function of tempera-
ture. At room temperature, the samples exhibited an average strain ca-
pacity of about 3.20%, followed by a slight increase to 3.22% at 105 °C.
Meanwhile, the average strain energy reached its peak value of around
125 kJ/m? from 97 kJ/m3, which is an indicator of a higher strain-
hardening degree and energy dissipation capacity. A previous study
[45] reported a similar improvement in the tensile properties of
heat-curved FA-based SHGC compared to the performance of ambient
cured SHGC. Afterwards, the strain capacity and corresponding energy
were declined to 2.17% and 89 kJ/m> at 250 °C, respectively, which can
be mainly ascribed to the thermal impact on embedded PVA fibres in
SHGC that deteriorated the post-cracking behaviour of SHGC. The ten-
sile strain capacity of SHGC exposed up to 250 °C was comparable to or
higher than that of PVA reinforced SHCC with a mean value of 2.69% at
room temperature [88].

3.5. Microstructure evolution

To investigate the damage mechanisms in SHGC subjected to
elevated temperatures, the thermal effect on the microstructure of SHGC
was studied in terms of phase changes, thermal stability, and
morphology and pore structure evolution.

3.5.1. Phase composition

Since this study aims to investigate the overall behaviour of SHGC
but not to offer a thorough understanding of gel phases, the phase
identification is used as a reference of potential products. The XRD
patterns of raw FA and GGBS are shown in Fig. 16a. The crystal peaks in
the XRD spectra of FA mainly correspond to quartz (SiO3) and mullite
(Aly g2Si1.1809.59), while the amorphous hump is demonstrated at
around 15-30° 26. The XRD pattern of raw GGBS showed a board hump,
suggesting the presence of glassy phases without sharp peaks that
indicate crystallinity.

The XRD patterns of SHGC exposed to elevated temperatures are
plotted from 5° to 90° 26 and given in Fig. 16b and c. Overall, the phase
composition of SHGC specimens after heat exposure was relatively
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Fig. 13. Real and corresponding reproduced crack patterns in the central gauge area of SHGC exposed to different temperatures.
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Fig. 14. First-crack strength and tensile strength of SHGC exposed to different
temperatures.

stable, with a few new crystallise peaks detected at 105 °C. The crys-
talline phases including quartz (SiO3, PDF#01-085-0797) and mullite
(Al g2Si1.1809.59, PDF#96-900-5502) in FA particles at 16.5°, 20.9°,
26.2°, 26.7°, 33.3°, 40.9°, 42.5°, 50.2°, 54.9°, 68.1°, and 81.5° 20
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Fig. 15. Strain capacity and strain energy of SHGC exposed up to 250 °C.

remained unchanged throughout the heat exposure. Mullite is a stable
phase that can retain its room temperature strength at elevated tem-
peratures with a high melting point at 1830 °C, while quartz has a
melting point (>1600 °C) higher than the testing range in this study [89,
90]. The amorphous phases defined as the wide and diffusive reflection
can be observed in all specimens, indicating the formation of silicate and
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aluminosilicate gels [91]. At 105 °C, some sodalite (Nag(AlSiO4)¢Cls,
PDF#01-088-2088) and analcime (Nag.931(AlSi206)(H20),
PDF#01-089-6324) crystalline inclusions were found in the specimens,
which are common reaction products presented in FA-based geo-
polymers subjected to heat curing (below 300 °C) [73,92]. Besides, the
detection of anorthites ((Ca,Na)(AlSi)»SioOg or CaAlsSisOg,
PDF#00-009-0465 or PDF#00-041-1486) indicated the presence of
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calcium in the reaction at this stage. Up to 250 °C, the crystalline phases
of aluminosilicate mineral andalusite (Al,Si0O40, PDF#01-089-0887)
were also detected. Meanwhile, the diffuse peaks of C-S-H (CaSOy -
2H,0, PDF#00-001-0385) at around 11°, 23°, 29°, and 50° 20 were
noticed in the spectra. According to the previous studies [93,94], the
peak at 29°-30° 260 can be related to semi-crystalline C-S-H, calcite, or
poorly ordered C-S-H gels. Further, the Si in C-S-H gels could also be
substituted with Ai and formed C-A-S-H gels [36,91]. After the exposure
to 400 °C, the peaks at 11° 20 became unnoticeable, whilst the rest of
C-S-H was no longer visible when heating to 800 °C. This suggests that
C-S-H was barely affected up to the exposure to 250 °C and fully
dehydrated at 800 °C [95]. The -calcium sulphate (CaSOy,
PDF#01-072-0916) phases presented instead in SHGC exposed to 800 °C
with no other new crystallises formed.

3.5.2. Thermal analysis

Fig. 17 illustrates the thermal analysis results of SHGC in terms of
TGA, DSC, and DTG curves. The total mass reduction of the specimen
from ambient temperature to 800 °C was 11.9%. Meanwhile, two
distinct peaks can be observed on the DTG curves at around 100 °C and
700 °C. Following the initial rapid drop, the rate of mass loss became
stable in the range of 200 °C and 600 °C before another deep peak was
shown. The increased rate of mass loss below 200 °C can be associated
with the loss of free water and the dehydration of binding phases that
took place in this range, which was responsible for 4.6% of mass loss.
Then, the steady loss rate and around 5% mass reduction occurred due to
the ongoing loss of bound water in the zeolite-like products (gel and
crystalline aluminosilicates) along with the decomposition of C-S-H
[73]. At the last stage, the mass loss was 2.7% from 600 °C to 800 °C,
which was aligned with an increase of loss rate. The peak at 700 °C can
be ascribed to the burning coal residuum and the formation of anhy-
drous calcium sulphate (i.e., anhydrite), as shown in the XRD curve of
the specimen exposed to 800 °C [73]. The corresponding DSC curve
revealed the presence of only one broad exothermic peak that reflects a
heat release process, implying that a complex zeolite-like structure was
formed [96,97].

3.5.3. SEM observation

The SEM micrographs with different magnifications are used to
assess the thermal effect on the microstructural characteristics of SHGC
in relation to fibres, fibre-matrix interfaces, and matrices. Fig. 18 dem-
onstrates the microstructural evolution of the fixed region around PVA
fibres in SHGC specimens. Unlike conventional cementitious materials,
the geopolymer matrix shows a relatively porous structure, especially
when it was heated to 800 °C [98]. The fibres did not undergo a sig-
nificant alteration after exposure to 105 °C (Fig. 18b), after which they
melted and shrank at 250 °C. At 400 °C, the fibres experienced
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Fig. 17. TGA, DSC and DSC curves of SHGC exposed to elevated temperatures.
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300 pm

Fig. 18. SEM images of a fixed region around PVA fibres in SHGC at elevated temperatures.

degradation with minimal residuals left, generating interconnected
empty channels in the matrix as observed in Fig. 18d-f. Fig. 19 shows
closer views of fibre-matrix interfaces in SHGC exposed up to 250 °C.
The generation of microcracks around fibres and pronounced damage of
fibre surface can be seen at this scale. The visible fibre path and reaction
products attached to fibres (Fig. 19b) indicated the high level of
fibre-matrix interaction due to the inherent chemical bond of hydro-
philic PVA fibres [99]. As the temperature increased, the interfacial
bonding was weakened, as demonstrated in the reduced matrix frag-
ments clung on the fibre surfaces.

Fig. 20 displays the geopolymer matrix characteristics at a larger
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scale which dominate the mechanical behaviour of SHGC after the loss
of fibres. Overall, all matrices consisted of gels that were continuous,
dense, and bulky in structure, together with various quantities of pores
and cracks. The wide exothermic peak in DSC curve along with the
amorphous humps and calcium crystallise peaks in the XRD spectra
suggested the possible presence of aluminosilicate gels such as N-A-S-H,
C-S-H, and C-A-S-H. The microstructure of the unheated specimen was
composed of a large portion of binding gels and inserted unreacted
particles (Fig. 20a). Conforming to the XRD patterns, mullite crystals can
be observed as the needle-like particles attached to the spherical FA
particles. Further, unreacted FA particles appeared in the cavities at
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Fig. 19. SEM images of fibre-matrix interfaces in SHGC exposed to (a) ambient temperature, (b) 105 °C, and (c) 250 °C.

both room and higher temperatures, implying that a great amount of FA
remained unreacted or partially reacted at the elevated temperatures.
After the exposure of 400 °C (Fig. 20b), excessive larger microcracks
were formed and connected due to fibre evaporation. It is also displayed
that microcracks could propagate through the comparatively weak
route, e.g., the voids around the unreacted particles. Meanwhile, cavities
distributed on gels can be observed, which may be attributed to the
fractured surface passing through detached unreacted FA particles that
did not shrink as opposed to the gel base. The shrinkage in gels might
also result in the development of more microcracks [18]. After this,
Fig. 20c shows the sign of sintering at 600 °C with an increased degree of
this effect at 800 °C (Fig. 20d), leading to a more homogeneous and
denser microstructure. Simultaneously, enlarged pores were formed as
the viscous flow of gel closed smaller pores.

3.5.4. Pore structure

The pore structure of SHGC at elevated temperatures was charac-
terised using MIP, the results of which are presented in Table 6,
demonstrating some important features of pore structure at different
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temperatures. First, the total porosity of SHGC reduced gradually from
24.6% to 20.8% as the temperature rose from ambient to 250 °C, while
the pore size became larger as indicated in the average pore diameters
(dg). Second, the porosity was almost double when the temperature was
increased to 400 °C with a reduced d, of 20.9 nm, followed by a decline
of porosity at 600 °C. Finally, the porosity reached the highest value of
45.9%, accompanied by the largest d, of 166.6 nm at 800 °C.

To better describe the effect of elevated temperature on pore size of
SHGC, the pores are divided into four groups in terms of diameters:
Group I (<100 nm), Group II (100 nm-1000 nm), Group III (1000
nm-10000 nm), and Group IV (>10000 nm) [100]. The derivative PSD
curves are plotted in Fig. 21, together with the corresponding critical
pore diameters (d.) derived from the first peaks appeared on the graph.
In this study, the porosity and PSD were mainly influenced by three
factors, namely the inherent voids in matrices, the microcracks devel-
oped, and the empty channels formed by degraded PVA fibres.

Owing to the promoted formation of cross-linked binder gels that led
to continuous refinement of pores, the pore fraction in Group I dropped,
resulting in the reduction of overall porosity at 105 °C and 250 °C [36].
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Table 6
Pore parameters of SHGC exposed to different temperatures obtained from MIP.

Temperature Porosity Critical pore diameter, ~ Average pore diameter,
(9] (%) d; (nm) d, (nm)
Ambient 24.6 5.2 12.9
105 22.6 9.1 17.5
250 20.8 11.1 24.0
400 40.5 11.1 20.9
600 26.2 12.3 52.2
800 45.4 3230.0 166.6
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Fig. 21. Pore size distribution of SHGC exposed to elevated temperatures.

As the exposure temperature increased, the vapour induced by melted
fibres and internal water rapidly migrated, leading to the microcrack
formations and the increase of measured pore volumes. This would also
potentially open up some of the closed pores that in turn increased the

porosity within the samples [17], resulting in a rapid grow of Group II
pores when the temperature reached 400 °C. Meanwhile, a great number
of small pores in Group I were generated, leading to a smaller d,.
Additionally, a new peak was formed clearly at around 25000 nm in
Group IV, which corresponds to the channels left by the melted PVA
fibres with a diameter of 40000 nm and residuals. This peak became
more intense at 600 °C, implying more macropores were formed in the
specimens and led to the increase of d,. However, when exposed to
600 °C, the porosity of SHGC was significantly decreased from 40.5% to
26.2%, indicating the microstructure was densified to a certain extent, i.
e., crack healing. Compared to the other five derivative curves, the curve
of samples heated to 800 °C shifted to the right with a d. of 3230 nm
with many pores fell into Group III. This can be ascribed to the micro-
cracks induced by the dehydration of C-S-H, along with the collapse of
smaller pores that formed extensive larger voids due to the sintering
effect. The evidence of sintering in the pore structure at 800 °C can also
be observed in the much denser gel, i.e., reduction in Group I [18].

4. Discussion

This section further analyses the results above to understand the
mechanisms of relevant changes in SHGC exposed to elevated temper-
atures. Overall, the thermal effect on the mechanical properties of SHGC
can be reflected in its microstructural evolution at elevated tempera-
tures. The mechanisms for mechanical enhancement or deterioration
include dehydration, fibre bridging, fibre degradation and evaporation,
physicochemical changes, and sintering. Fig. 22 shows the relationship
between compressive strength and major microstructural changes
occurred in SHGC. Based on the variations in the macroscopic properties
of SHGC, the analysis can be divided into four stages by means of tem-
perature range, including Stage I (20-105 °C), Stage II (105-250 °C),
Stage III (250-600 °C), and Stage IV (600-800 °C).

During Stage I, the compressive strength of SHGC increased mainly
due to the continuous geopolymerisation of matrix and PVA fibre action
that restricted the growth of cracks initiated under loading. The former
reason is implicated by the new formation of crystalline peaks in the
XRD pattern, along with the reduction of pores with diameters <100 nm.
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Fig. 22. Relationship between microstructure evolution and compressive
strength of SHGC at elevated temperatures.

These pores can be assigned to gel pores and medium capillary pores
that were refined because of the newly formed reaction products [31].
Meanwhile, the apparently attached matrix fragment on fibres in the
SEM image indicated the strong fibre-matrix bond, suggesting that extra
energy absorption was provided by PVA fibres in SHGC. Although few
dehydration damages induced by escaping water occurred at Stages I
and II, the densified microstructure as indicated by reduced porosity
dominated the strength gain. This also explains the enhanced first-crack
strength of SHGC in the uniaxial tensile test since the first crack was
initiated as the tensile capacity of geopolymer matrix was exceeded.

Before and during Stages I and II, the tensile behaviour of SHGC is
directly associated with the fibre status at cross-sections when crack
openings increased. As the crack kept propagating and reached the PVA
fibres, fibres underwent different statuses, i.e., bridging, rupture or pull
out, depending on the fibre-matrix interaction that influences macro-
scopic properties. Fibres can be completely pulled out or ruptured with
an excessively weak or strong interfacial bond, respectively. A bridging
action can be triggered with a moderate interfacial bond that elongates
the fibre without rupturing it, which is favourable to the strain-
hardening and crack controlling behaviour. From the SEM observation
of the unheated SHGC sample, the surface roughness of PVA fibres was
the highest with more geopolymer products attached, indicating the
strongest bond behaviour among all samples. Thus, it can be suggested
that the fibre-matrix bond at ambient temperature was sufficient to
deform fibres, whilst larger quantities of fibres bridged the opening
cracks as reflected by its satisfactory tensile performance. This has been
verified by a previous study [47] regarding the robust strain-hardening
and multiple cracking behaviour along with high strain-hardening
indices and SEM images showing pronounced matrix fragments
attached that implies the superior bond between fibre and geopolymer
matrix.

Moreover, after Stage I, when the temperature exceeded 105 °C, the
fibre-matrix bond was weakened as the fragments attached to PVA fibres
were reduced. Nevertheless, the bond was still adequate to elongate fi-
bres, which is implied by the captured fibre footprint. Hence, the SHGC
specimens exposed to 105 °C exhibited the best tensile strain capacity,
strain energy, and crack-controlled behaviour since the fibres in these
specimens were less likely to rupture. The enhanced tensile performance
was previously reported in sole FA-based SHGC with heat curing (60 °C),
suggesting that the mechanical properties of SHGC with 20 wt% GGBS in
this study had a similar response at elevated temperatures [45]. Then, at
Stage II, the high temperature reduced the tensile strength of fibres, as
revealed by the visible damage on PVA fibre in the SEM images. As a
result, fibres were easily ruptured upon tension, leading to the halve of
strain capacity and strain energy of SHGC at 250 °C as the tensile
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strength of fibres was inadequate to resist the fibre-matrix bond at this
stage even though it was weakened.

The PVA fibre employed has a melting point of 248 °C with more
than 90% weight loss observed below 475 °C. Therefore, at Stage III, the
evaporation of fibres induced pressure build-up in the dense pore
structure and resulted in large numbers of microcracks. Besides, as
indicated by TGA, the dehydration in gel products took place, which
could facilitate the microcrack formation by shrinkage and internal
stresses [73,101]. Therefore, there is an obvious increase in porosity and
transformation of larger pore sizes (>1000 nm) at 400 °C. Meanwhile,
the C-S-H peak in the XRD pattern disappeared, meaning that C-S-H
decomposed during Stage III. All these have promoted the considerable
strength loss at this stage, and hence the strength reached its minimum
value at 600 °C. Moreover, in this evolution stage, overall porosity
showed a significant drop with reduced pore volume in the range of
1000-10000 nm, implying the microcrack healing performance in the
system, which was confirmed by the smoother flowing microstructure in
the micrograph.

Finally, at Stage IV, the compressive strength of SHGC was enhanced
with a notable change in pore structure features. The sintering effect
played a vital role in collapsing the smallest pores (<100 nm) due to the
viscous flow of gels and partial FA particles, leading to the densification
of gel structure that is responsible for the strength gain. Nevertheless,
the strength at 800 °C was still lower than that at ambient temperature,
which may be attributed to the macro-cracks induced by shrinkage of
pores and uneven stresses over the specimens [74]. Ranging from 400 °C
to 800 °C, the strain-hardening behaviour was invisible with a minimal
retained tensile strength that followed the same changing trend as
compressive behaviour due to the fibre loss.

5. Conclusions

In this study, a series of tests including uniaxial compression, uni-
axial tension, UPV, TGA, DSC, XRD, SEM, and MIP were conducted to
investigate the engineering properties and microstructural evolution of
fly ash-slag based strain hardening geopolymer composite (SHGC) cured
at ambient temperature exposed to elevated temperatures, i.e., ambient,
105 °C, 250 °C, 400 °C, 600 °C, and 800 °C. Based on the experimental
results, the major conclusions can be drawn as follows:

e The change in phase composition and internal structure of geo-
polymer matrix, along with the fibre bridging action affected the
mechanical properties of SHGC at elevated temperatures. In detail:
(1) From the room temperature to 250 °C, the mechanical properties
of SHGC were mainly dependent on the ongoing geopolymerisation
and the fibre bridging action. The densification of pore structure and
tight bonding between fibre and matrix effectively enhanced the
compressive strength of SHGC to 134.3% of the original at 105 °C.
(2) At 400 °C and 600 °C, the extensive formation of microcracks and
decomposition of strength-given phases decreased the compressive
strength of SHGC to around one-third of the initial strength. (3) The
sintering effect at 800 °C significantly reduced the size of pores with
diameters <100 nm and densified the microstructure. Hence, the
regain of compressive strength of SHGC presented because of the
homogeneous microstructure. In addition, no spalling was observed
in all SHGC specimens due to the inherent porous structure of geo-
polymer matrix.

The tensile strength of SHGC before the loss of fibre is highly asso-
ciated with the matrix strength, whilst strain-hardening degree and
multiple cracking behaviour depend on the temperature-induced
changes in PVA fibre which also affect fibre-matrix bonding. SHGC
exposed to 105 °C yielded the best tensile performance among all
samples, which achieved a tensile strain capacity of 3.22%. This was
achieved by the moderate fibre-matrix bonding that was adequate to
deform fibres without rupturing them, resulting in the fibre bridging
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mechanism that controlled crack growths and promoted strain-
hardening degree.

SHGC is a multiphase composite material mainly consisting of
amorphous products, unreacted or partially reacted fly ash and slag
particles, crystalline phases and pores, as well as the inserted PVA
fibres. The characteristics of these phases were differently influenced
by the thermal exposure. Overall, no significant change can be
observed in the crystalline phases in fly ash particles, whilst
unreacted particles still presented in SHGC exposed to high tem-
peratures. The calcium compounds remained stable up to 250 °C and
were susceptible to decomposition and crystallisation afterwards.
Moreover, the crystalline phases (e.g., sodalite and analcime) can be
found at 105 °C, while calcium sulphates appeared at 800 °C without
other new crystalline formed.

Regarding the evolution of pore structure of SHGC, the pore size
distribution gradually shifted to larger voids at 400 °C and 600 °C,
which can be ascribed to the dehydration damages that induced
microcracks, the fibre-induced channels that introduced macropores,
and the sintering that reduced the amount of gel pores and increased
the number of larger pores. Instead of overall porosity, pore size
distribution was found to be more associated with strength of SHGC,
where the reduced volume fraction of small pores is highly correlated
with the strength gain.
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