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Abstract 

The addition of fibres to a brittle matrix is a well-known method to improve the 

flexural strength. However, the success of the reinforcements is dependent on the 

interaction between the fibre and the matrix. This paper presents the mechanical and 

microstructural properties of PVA and basalt fibre reinforced geopolymers. Moreover 

low density and thermal resistant materials used as insulating panels are known be 

susceptible to damage due to their poor flexural strength. As such the thermal and fire 

resistance properties of foamed geopolymers containing fibre reinforcement were also 

investigated. 

The results highlight that the presence of PVA fibres greatly increased the flexural 

strength and the toughness of the geopolymer composite, while the presence of basalt 
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fibres improved the flexural behaviour of the composite after high temperature 

exposure.  

Keywords 

A. Fibres; E. Casting; D. Mechanical testing; B. Thermal properties. 

1. Introduction 

Geopolymer is a class of three-dimensional alumino-silicate material based on units 

such as sialate [−Si− O− Al− O], sialate siloxo [−Si− O− Al− O− Si− O] or 

sialate disiloxo [−Si− O− Al− O− Si− O− Si− O] [1]. The polymerised materials 

contain tetrahedrally coordinated Al and Si, with charge balance of the Al tetrahedra 

being achieved by the presence of Na+ or K+ ions [2]. Geopolymers and alkali activated 

materials (AAM’s) generally have attracted a lot of attention [3-5] as suitable 

alternative materials for constructions, due to their significantly lower CO2 emissions 

during production [6]. A benefit of the use of geopolymer compared with ordinary 

Portland cement (OPC), the most commonly used building material, is the possibility of 

using high-volume industrial waste to manufacture geopolymer concretes, with a 

concomitant reduction in CO2 emissions [7]. 

Fibre reinforcement has been used in various hardened binders to improve 

mechanical properties [8, 9]. Short fibres are one of the most commonly used 

reinforcement and are effective in improving flexural strength, toughness and in 

converting failure mode from brittle to ductile. Compared to continuous fibres, short 

fibres permit easier handling and manufacturing processes. Fibre aspect ratio and fibre 
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dispersion are the critical factors to consider when optimizing any improvement in 

strength. 

Several studies assessing the mechanical performance of alkali-activated composites 

reinforced with different fibres have been reported in the literature [10 - 15] and some 

studies also investigated the thermal behaviour after high temperature exposure [4, 16 - 

18]. Due to their durability, PVA fibres are one of the most commonly used 

reinforcement materials in ceramic composites for structural applications [19]. 

However, the exposure to high temperatures degrades PVA fibres, due to their organic 

composition. In the temperature range between 30°C and 1000°C, PVA samples exhibit 

three different weight loss stages that correspond to different phase changes: between 

30°C and 210°C the loss of physisorbed water, between 210°C and 400°C the 

decomposition of the polymeric side chains and between 400°C and 540°C the 

decomposition of the main polymeric chain [ 20]. Basalt fibres are inorganic and as 

such have a much higher melting point (~1000 oC) than organic fibres making them a 

suitable candidate for high temperature resistant geopolymer composites. 

Light-weight materials are often required for materials used in building applications, 

particularly in high rise construction. The use of geopolymers of lower density is 

beneficial in terms of reduced structural load-bearing with further benefits of improved 

acoustic and thermal insulation [21, 22]. However, the trade-off is that low density 

geopolymers generally exhibit low strength [1]. 

Different foaming agents can be used to synthesise low density geopolymers. For 

instance, chemical products which react with the alkali to generate gas [23], metals, 

such as zinc or aluminium, which generate hydrogen gas [23, 24] and metallic silicon 
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present as an impurity in silicon carbides or silica fume also generates hydrogen gas 

when exposed to alkali [25, 26]. Another class of chemical foaming agents is peroxides 

such as hydrogen peroxide and organic peroxides which react to evolve oxygen gas 

[24]. Bubbles of O2 are trapped within the paste, resulting in lower density.  

It is known that low density materials have low thermal conductivity and are more 

suitable for thermal insulation exposure [4]. Materials designed for refractory and fire 

resistance applications must be able to be exposed to high temperature for extended 

periods while retaining physical properties such as strength. 

This paper presents a study where foamed geopolymers have been reinforced with 

two different types of fibres: organic (PVA) and inorganic (basalt) short fibres. Fibres 

have been introduced with the aim of modifying the brittle fracture behaviour of 

geopolymers. Low density formulations were synthesised using hydrogen peroxide and 

a chemical surfactant, exploiting the best results of a previous study [27]. 

First, mechanical, physical and microstructural properties are reported as well as the 

thermal behaviour of fibre reinforced geopolymers (FRGP) in order to assess the 

suitability of the different fibres in geopolymer composites. Then, thermal conductivity 

measurements and fire testing was performed on foamed and fibre reinforced 

geopolymers (FFRGP) in order to understand the behaviour of the different fibres in 

composites with low density matrices for possible thermal insulation applications. 

Composite materials based on geopolymer matrices can be produced for various 

applications requiring good performances at elevated temperatures [16, 17, 28, 29], but 

also for applications where thermal insulation [30] at room temperature is necessary 
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(e.g. blocks and plaster for the building sector). The addition of short fibres in low 

density geopolymers also stabilizes the foam during synthesis by increasing the 

viscosity of the paste and consequently reducing pore collapse [4].  

2. Experimental  

2.1 Materials 

Fly ash was sourced from Eraring power station in New South Wales, Australia. 

Sodium aluminate solution was used as the alkali activator. Solutions were prepared by 

dissolving sodium hydroxide pellets from Univar Pty Ltd and sodium aluminate powder 

supplied by Sigma-Aldrich in deionised water. The chemical composition of sodium 

aluminate used in this study was Al2O3 50 wt%, Na2O 50 wt% and some impurities of 

Fe2O3 (<0.05 wt%). The pellets and powder were allowed to dissolve overnight at 70°C 

and used for synthesising geopolymers after 24 h. Activator solutions were 

characterised by Na2O:Al2O3 = 0.5 and H2O:Na2O = 2,1. PVA short fibres (Nycon-PVA 

RECS 15, Australia) 8 mm long and 38 µm in diameter and basalt chopped fibres 

(Technobasalt, Ukraine) 5 mm long and 16 µm in diameter were used as the fibre 

reinforcement. Hydrogen peroxide solution with 30 wt% supplied by Rowe Scientific 

was used as the chemical foaming agent. Sika® LIghtcrete 02 was used as the surfactant 

for foam stabilization. 

2.2 Geopolymer synthesis 

Geopolymers were synthesised with targeted compositional ratios of Si:Al=2.0, 

Na:Al=1.1 and a water content of 21 wt%. Samples were made by mixing the fly ash 

with the activating solution for 10 min. Fibre reinforced geopolymer (FRGP) were 
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synthesised by adding different concentrations of fibres (0.5 vol% and 1.0 vol%) after 5 

min of the initial mixing time and mixed for another 5 min. Foamed and fibre reinforced 

geopolymer (FFRGP) samples were produced by foaming the pastes with surfactant and 

hydrogen peroxide (1 wt% of surfactant added at 5 mins together with the fibres, and 

0.1 wt% of hydrogen peroxide added after 10 mins and mixed for a further 20 s). 

Immediately after mixing samples were poured into moulds, sealed and cured at 70°C 

for 24 h.  

2.3 Physical testing and microstructure 

Workability was measured using a mini-cone slump tester (57 mm high, with 19 mm 

and 38 mm top and bottom diameters, respectively). Geopolymer slurry was poured to 

fill the cone and after lifting the cone up, the slurry was allowed to flow for 1 min prior 

to measuring the diameter.  

The density of the samples was measured by dividing the dry mass by the volume. 

Cylindrical samples (50 mm diameter, 100 mm high) were used for density 

measurements. All reported results are an average of measurements from 4 samples. 

Pore size distribution measurements were carried out on all specimens by a mercury 

intrusion porosimeter (MIP, Carlo Erba 2000) equipped with a macropore unit (Model 

120, Fison Instruments). Samples for porosimetry were cut by diamond saw to 

approximately 1 cm3, dried under vacuum and kept under a P2O5 atmosphere in a 

vacuum dry box until testing. The MIP measurements were carried out using a contact 

angle of 141.3° and Hg surface tension of 480 dyne/cm. The suitability of MIP for pore 

size and pore size distributions is frequently debated [31 - 33], however its use in 
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cement based materials is accepted [34-36] and it is also becoming common in the field 

of inorganic polymers [37 - 39]. 

Scanning electron microscopy (SEM) was conducted on a NEON 40EsB (Zeiss, 

Germany) field emission SEM. Sample fragments of FRGP were mounted onto 

aluminium stubs and out-gassed in a desiccator over a 24 h period. The samples were 

then coated with a 5 nm layer of platinum prior to imaging. 

2.4 Mechanical testing 

All the mechanical tests were conducted by means of a Lloyd universal tester EZ50 

on FRGP after 7 days of storage at room temperature in plastic bags (i.e. 100% rH). 

This time was selected as it is the time after which most of the mechanical properties 

have been developed in geopolymers cured at elevated temperatures [18, 40]. Cylinders 

of 25 mm diameter and 50 mm height were prepared for compressive strength testing. A 

load rate of 0.25 MPa/s was used to comply with ASTM C39 [41]. Flexural strength 

and fracture toughness tests were performed on 20x20x90 mm cuboids. Flexural 

strength testing was conducted in close accordance with ASTM C78 [42] and fracture 

toughness was conducted in close accordance with ASTM C1421-10 [33]. A span of 40 

mm was set up for the three points bending tests and a preload force of 50 N was used 

to ensure no movement during the specimen testing and a load rate of 1 mm/min was 

used. Before the fracture toughness testing, samples were prepared by creating an initial 

crack with a depth of 4 mm and a thickness of 0.1 mm width. The values for fracture 

toughness of each samples was calculate using Eq. (1) [43]: 
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K!"# = g
P!"#S!10!!

BW! !
3 a W ! !

2 1− a W ! !  (1) 

where KIpb= fracture toughness for each specimen (MPa m); Pmax =maximum force 

(N); S0 = span (m); B = width of the test specimen; W = thickness of the test specimen; 

a = crack length (m); g = g (a/W) = experimental function of ratio between crack length 

and thickness of the specimen. 

The stated strength and fracture toughness values for all the mechanical tests are the 

average of results of measurements from 4 samples. 

2.5 Thermal characterization 

Thermal conductivity was measured on FFRGP using the transient hot wire method 

[4]. The tests were conducted by placing a 0.32 mm thick nickel-chromium heating wire 

moulded between two halves of one of the cylindrical samples (50 mm diameter, 100 

mm height). A potential difference of 2.0 V and current of 1.0 A was used to heat the 

strip and temperature increase was measured using an embedded K-type thermocouple. 

The temperature was logged for 15 min and the thermal conductivity (k) was calculated 

using Eq. (2) [44] 

k =
VI
4πLa 

 

(2) 

where k= thermal conductivity (W/mK), V= voltage (V), I = current (A), L = length (m) 

and a = gradient of temperature rise versus the natural log of the time in seconds. 

A custom designed electric furnace was used for the fire testing on FFRGP (further 

details are available in Rickard et al. [4]). The sample exposure region was 200x200 
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mm. The heating regime followed a fire curve in accordance with ISO 834 [45]. The 

temperature was controlled using a multi stage controller (model PAK-700, Furnace 

technologies Pty Ltd) programmed to follow the time-temperature relationship 

described Eq. (3) 

T = 345log!" 8t− 1 + 20 (3) 

 

where T = temperature (°C), t = time (min).  

Three K-type thermocouples were placed onto the cold side of the sample. Cold side 

temperatures were recorded individually and as the average of the three thermocouples. 

The data for the thermocouples was logged every 5 s using a Vernier LabQuest 

(U.S.A.). 

3. Results 

3.1 Physical properties 

Increasing the concentration of PVA fibres in the paste greatly increased the 

viscosity of the slurries. It was found that adding 1.0 vol% of PVA fibres resulted in a 

flowability loss of more than 40% (Table 1). This significant loss in flowability of the 

fresh slurry created difficulties in casting the samples and reduced the cured density by 

increasing the propensity for air entrainment (Table 1). 

The workability was not significantly affected by adding 0.5 vol% of basalt fibres, 

whereas the presence of 1.0 vol% of basalt fibres reduced the slurry flowability by 26% 

(Table 1). This relatively small loss of slurry workability was likely due to the smaller 
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aspect ratio and the smoothness of the surface of the fibres (Fig. 3) and caused no 

significant change in density when increasing the content of basalt fibres indicating that 

air entrainment was minimal. 

Fibre reinforced geopolymers were also foamed using a combination of surfactant 

and hydrogen peroxide. From previous investigations [27], the combination of 

surfactant and hydrogen peroxide was found to improve the properties of low density 

geopolymers, achieving the best control of density and porosity. Both the FFRGP 

samples exhibited, after curing, a density around 1.0 g/cm3, as reported in table 2. 

Density values of both FFRGP panels are comparable and this made the combination of 

the foaming agents used suitable for achieving similar physical properties of foamed 

geopolymers reinforced with different short fibres. The presence of fibres resulted in a 

more viscous mix thus reducing the susceptibility for pore collapse and making the 

casting of the samples easier. 

3.2 Mechanical properties 

The presence of PVA or basalt fibres was not found to affect the compressive 

strength values of FRGP, which was measured to be approximately 20 MPa. FFRGP 

exhibited compressive strengths of 5 MPa and 4.5 MPa for samples reinforced with 

PVA and basalt fibres, respectively. Due to the ductile behaviour of PVA, the mode of 

failure during compressive strength testing of PVA fibre reinforced samples was 

different compared to that one shown by pure geopolymers and samples reinforced with 

basalt fibres. Instead of a sharp drop in the stress-extension graph at the point of 

maximum load, typical of the failure mode of the geopolymer matrix and basalt fibre 

reinforced samples, geopolymers reinforced with PVA fibres exhibited an extended 
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period of plastic deformation (Fig. 1). The PVA fibre reinforcement allowed the 

samples to support some load even after the initial failure created extensive cracking in 

the structure. 

The addition of PVA fibres had a direct influence on improving the flexural strength 

of the matrix (Fig. 2-A). This was likely due to the high tensile flexural strength of the 

fibres and to their crack-bridging behaviour probably due to the adhesion to the 

geopolymer matrix. This was caused by the fibre debonding process that occurred along 

the fibre/matrix interface and allowed a more efficient load transfer mechanism. 

Moreover the reinforcement with PVA fibres clearly contributed to an increase in the 

area under the non-linear portion of load-deflection curve reflecting changing failure 

behaviour from a brittle mode to a ductile one (Fig. 1). All the samples exhibited a first 

breaking point in the range 600 - 800 N that corresponded to the brittle failure of the 

geopolymer matrix, however the presence of PVA fibres significantly increased the 

energy absorbed during the loading period. The energy absorbed by the 0.5 vol% PVA 

fibre reinforced geopolymers was 7 times greater than the geopolymer matrix alone and 

the concentration of 1.0 vol% of PVA fibres showed double the work values of the 0.5 

vol% samples, as shown in Fig. 2-C. This was due to the ductile behaviour of PVA 

fibres and their higher flexural strength compared to the geopolymer matrix. The 

increased ductility of the samples reinforced with PVA fibres was likely to have 

resulted from fibre pullout, after fibres stretched, due to their high tensile strength. 

The presence of chopped basalt fibres in the geopolymer matrix did not influence the 

flexural behaviour, as shown in Fig. 2-A. The basalt fibres used in this study had greater 

tensile and flexural strength than PVA though they suffer brittle failure mode and as 
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such did not improve the breaking behaviour of the composite. However, adding 1.0 

vol% of basalt fibres to the geopolymer matrix resulted in a small increase of the energy 

absorbed during the three point bending test. The values of strain to failure to 1.5 mm 

sample extension of basalt FRGP (1.0 vol%) showed an improvement of 53% compared 

to the strain of failure to 1.5 mm extension of non-reinforced geopolymer matrix (Fig. 

2-C). 

The ductile behaviour of PVA fibres and the presence of basalt fibres imparted an 

improvement in fracture toughness values (Fig. 2-B). In particular, presence of basalt 

fibres in the geopolymer matrix increased the values of fracture toughness by 45% for 

0.5 vol% of basalt fibres and 74% for the 1.0 vol%.  

Similar fracture toughness values were reported in literature for metakaolin 

geopolymer concrete reinforced with basalt fibres: fracture toughness values of 0.046 

MPa·m0.5 were observed for the geopolymer concrete. The presence of 0.5% of basalt 

fibres in the composite did not significantly improve the values of fracture toughness 

that were around 0.058 MPa·m0.5. Values around 0.091 MPa·m0.5 were observed for 

1.0% of basalt fibres in geopolymer concrete [46]. 

3.3 Microstructural properties 

SEM images of PVA fibre reinforced geopolymer showed good adhesion between 

the matrix and the fibres (Fig. 3-A). Longitudinal striations on the PVA fibre surfaces 

led to increased adhesion of the paste to the fibres. Most of the fibres were covered by 

the geopolymer gel and their surfaces showed more striations and some peeling when 
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compared with original surfaces (Fig. 3-B). This was likely due to chemical bonding 

that is the reaction of fibre surfaces with alkali present in the activator. 

The ends of the fibres pulled out from the matrix were mostly covered by the matrix. 

This is an indication of fibre pull-out from the matrix and indicates strong adhesion 

between the geopolymer gel and the surface of the fibre. Other studies reported that the 

fibre failure mode or fibre pull out from the matrix is strongly influenced by the bond 

between fibres and matrix. Moreover it was noted that fibre pull out happens when the 

interfacial zone is poorly evident whereas a clear interfacial zone produces a fibre 

fracture mode of failure [47]. 

Fig. 4 shows basalt fibres in the geopolymer matrix. The original basalt fibres were 

observed to have smooth surfaces, which did not change after being incorporated into 

the geopolymer matrix. This indicates that the caustic in the activating solution did not 

significantly degrade the fibres. A purely physical bond likely occurred between basalt 

fibres and geopolymer matrix. The fibres did not appear to have reacted with the matrix 

and most of the fibres were only partially covered by the geopolymeric particles. The 

lack of geopolymer gel in the surface of pulled out fibres suggests the bonding with the 

matrix was weak. The ends of the fibres showed sharp cross-sections that are an 

evidence of brittle failure. 

3.4 Thermal behaviour 

Flexural strength values after high temperature exposure are reported in Fig. 5 for 

both the fibre reinforcements. Different ranges of temperatures were used in order to 

investigate where the fibres started to degrade. PVA fibre reinforced geopolymers 
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exhibited constant flexural strengths of 14 MPa until the samples were exposed to 

temperatures greater than 150°C. Temperatures of 200°C and 250°C caused a decrease 

in values of flexural strength of 35% and 70%, respectively. Moreover, raising firing 

temperature above 200°C resulted in a loss of ductile failure mode, that characterized 

PVA fibre reinforced geopolymers (Fig. 5-C and Fig. 5-D). This behaviour is due to the 

physical changes of PVA fibres during high temperature exposure. 

As the melting point of basalt is 1000°C [48], a range of higher temperatures was 

used for sample exposure prior to the three points bending test. It was observed that 

flexural strength did not change significantly in the range of 600°C and 700°C from the 

samples tested as cured. However, beyond 700°C the flexural strength values nearly 

doubled. This improvement in flexural strength is likely caused by the sintering of the 

geopolymer paste leading to an improved fibre-matrix adhesion.  

Fig. 6-A shows a PVA fibre in the geopolymer paste after exposing the samples to 

250°C. The fibre exhibited an irregular shape with respect to the cylindrical 

morphology observed before firing. This indicates the PVA fibres started to become 

viscous and shrink at temperatures higher than 200°C: detachment of fibres from the 

matrix will occur, as is clearly visible in Fig. 6-A, and thus the fibres no longer provide 

reinforcement to the composite. 

The microstructure of basalt fibre reinforced geopolymers was investigated at each 

temperature to assess the effects of the fibres in the geopolymer paste (Fig. 6). When 

compared with the microstructure of unfired samples, which is characterised by 

geopolymer gel amongst unreacted fly ash particles, fired samples appeared more 

reacted and coarse pores were present throughout. High temperature exposure (up to 
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800°C) causes sintering within the geopolymer phase, which improved the bonding both 

within the geopolymer matrix and between the matrix and the basalt fibres. Other 

studies recorded similar behaviours for geopolymer-based paste exposed at high 

temperatures [18]. The fibres did not exhibit any observable degradation due to firing 

from 600°C to 1000°C.  

Thermal conductivity of FFRGP is reported in table 3. The solid (not foamed) 

geopolymer paste exhibited a thermal conductivity value of 0.53 W/mK. It was 

observed that decreasing densities achieved lower thermal conductivity values due to 

the presence of more air voids, that have low thermal conductivity [49]. The values 

measured in this study were comparable with ones reported for foamed Eraring fly ash 

geopolymers where a density of 0.93 g/cm3 produced a thermal conductivity of 0.25 

W/mK [4]. Many of the reported thermal conductivities of geopolymer foams in the 

literature are lower than the ones measured in this study; this can be attributed to the 

lower densities of those samples compared to the ones produced in this research [16, 

50]. 

Fire tests were conducted to assess the ability of the samples to insulate the heat from 

a simulated fire. Tests were conducted for 180 min as this was enough time to exceed 

the maximum temperature increase allowable by testing standard (ISO 834, AS 1530.4). 

The following conditions were used to determine the fire rating of the samples [51]: 

failure condition 1 - average temperature of the cold side of the sample exceeds 165°C; 

failure condition 2 – the temperature at any location of the cold side of the sample is 

greater than 205°C. 
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The two geopolymer samples exhibited similar trends in the cold side curves during 

the fire test (Fig. 7-A and Fig. 7-B): 10 min from the start of the test, the cold side 

temperature remained at ambient temperature and after that it began to increase. When 

the cold temperature approached 100 °C the temperature rise decreased to form a 

plateau. This was due to the passage of the boiling front through the top of the sample 

[4, 30]: as the sample was heated, the water contained inside the pores of the 

geopolymer, expanded and this generated pressure within the pore network, forcing the 

water to flow away from the top of the sample. The boiling point plateau is caused by 

the energy carried away by the evaporation of water as is reaches the top surface of the 

sample. This causes the measured temperature to remain constant until all the 

evaporable water is removed from the sample. The last stage shows an increase of the 

cold side temperature once all the water has evaporated from the sample.  

Fig. 7-C compares the average cold side temperatures of FFRGP panels reinforced 

with PVA and basalt fibres. It was observed the two samples exhibited similar trends 

with the difference that the basalt fibre reinforced panel got to the boiling front plateau 

faster compared to the PVA fibre reinforced one. This is partly due to its higher thermal 

conductivity. In addition, when PVA fibres started to degrade there were channels left 

inside the panel; this facilitated moisture transfer and thus reduced the period for the 

boiling front to move through the sample.   

Table 4 reports the times when the samples exceeded the failure conditions. The hot 

side of the samples was subjected to a maximum temperature of almost 1100°C during 

the 180 min fire test, whereas the cold side increased to approximately 240°C for both 

the panels. It was observed the panel reinforced with PVA fibres exhibited higher 
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resistance (in terms of time) for both the failure conditions compared to the sample 

reinforced with basalt fibres. The results achieved for these samples were better than 

ones presented in other studies on fly ash geopolymers [4, 30]. The mass loss of the two 

panels after fire exposure are reported in Table 4 and it was found that both samples had 

similar mass loss value. The foamed PVA fibre reinforced panel exhibited slightly 

higher mass loss, likely due to degradation of PVA fibres during the test; whereas basalt 

fibres can be still observed in the sample after fire exposure. 

Fig. 8 reports pore size distributions of three different portions of the cross section of 

FFRGP panels after fire testing. In particular sample portions extracted near the hot 

side, near the cold side and in the middle of the panels were used for MIP 

measurements, in order to understand the changes in porosity in the cross section of the 

panels. For both samples, a decrease in volume of micropores was recorded for the 

portion near the hot side of the panels. This is caused by the coalescence of micropores 

due to the densification of the sintered matrix. In addition, the sample reinforced with 

PVA fibres exhibited an increase of macropores near the hot side. This is due to the 

presence of pore created after the degradation of PVA fibres during fire testing. 

Fig. 9 shows the hot and cold side of the panels of FFRGP. Both the samples 

exhibited cracks on their “hot and cold” surfaces after the fire test. The cracks were not 

observed to form on the cold side of the samples until after the initial dehydratation 

period finished (about 60 min into the test). This suggests that the evaporation of the 

water did not cause extensive damage. It is likely that the major cause of cracking on 

the cold side of the sample was due to the differential shrinkage of the hot side with 

respect to the cold side as the parts of the sample that were hot enough to sinter would 
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have shrunk much more than the cooler regions, causing the cracking. Moreover, 

different crack patterns in the hot side of the two panels were observed: the sample with 

PVA fibres exhibited a denser distribtion of smaller cracks compared to the panel with 

basalt fibres. This was likely due to the decomposition of PVA fibres that could create 

dehydration pathways for water thus reducing cracking and spalling. The cracking on 

the hot side was found to be relatively shallow, in particular in the samples with the 

PVA fibres. 

The cross-sections of the tested panels are shown in Fig. 10. A 10 mm yellow to 

orange layer can be distinguished in both the panels, where the iron oxides presented in 

the fly ash have been exposed to high temperature and consequently oxidised. After the 

fire test, both the panels were stable; indeed none of the cracks affected the whole 

thickness of the panels. 

4. Discussion 

Compressive strength of the geopolymer was not affected by the addition of either 

PVA or basalt fibres. PVA fibre reinforcement produced consistent improvement of 

flexural strength values as well as fracture toughness when the concentration of fibres 

was increased. The individual values for fracture toughness of 1.0 vol% PVA fibre 

reinforced geopolymers were very variable, probably due to uneven dispersion of the 

fibres and the challenge of maintaining random orientation of the fibres in very viscous 

mixes. This was shown in greater loss in flowability when the concentration of PVA 

fibres was increased. The mechanical improvements in the PVA reinforced geopolymer 

samples were believed to be caused by fibre pull out which allowed for ductile failure of 

the composite. The results suggest a more favourable interaction between PVA fibres 
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and the matrix than the basalt fibres, possibly due to a combination of physical and 

chemical bonding.  

Geopolymer samples reinforced with basalt fibres exhibited no significant loss of 

workability when increasing the concentration of basalt fibres. This was likely due to 

low aspect ratio of the basalt fibres and also their smooth surfaces. No significant 

improvements in mechanical properties were measured in the composites, likely due to 

low bonding between the matrix and the fibres. All the samples exhibited a brittle 

failure mode during mechanical testing. The addition of organic (PVA) and inorganic 

(basalt) fibres produced geopolymer-based composites characterised by very different 

physical and mechanical performance, similar to what happen in cementitious materials. 

This is primarily due to a completely different interaction between the fibre and matrix.  

As PVA is hydrophilic, fibres exhibit high bond strength in cementitious binders [52, 

53], due to hydroxyl groups that result in a strong hydrogen intermolecular bond; in 

other words there is a chemical bond between PVA fibres and the matrix [53]. 

Conversely, basalt fibres in an alkaline environment, as occurs in cement and 

geopolymer matrices, exhibit excellent corrosion resistance (i.e. have minimal chemical 

interaction with the matrix). In particular, the presence of Al2O3 and SiO2 produced a 

film over the fibre surface that improves the alkaline resistance and leads to a physical 

bond with the cementitious matrix instead of a chemical fibre/matrix bond  [54].  

After exposing the fibre reinforced samples to high temperatures (from 100°C to 

250°C for PVA FRGP and from 600°C to 1000°C for basalt FRGP), different 

mechanical behaviour was observed. The degradation of PVA fibres caused the loss of 

most of the flexural resistance and of the ductile failure mode. The basalt fibres did not 
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degrade until 1000°C and the composites increased in flexural strength due to the 

improved bonding with the matrix after sintering. 

Thermal properties of fibre reinforced geopolymers that have been foamed with a 

combination of surfactant (1.0 wt%) and hydrogen peroxide (0.1 wt%) were 

investigated. The fire testing showed that the time taken for the samples to exceed the 

failure condition was dependant on density, as well as thermal conductivity values. As 

the foamed samples reinforced with PVA or basalt fibres exhibited comparable density 

values, it could be stated that the nature of the fibres added did not influence the 

performance of geopolymers under simulated fire conditions. Fire rating of the samples 

at 50 mm thickness was 80 - 100 min and the best performing sample was the foamed 

PVA fibre composite. 

5. Conclusions  

Physical and mechanical properties of fly ash-based geopolymers reinforced with 

PVA or basalt fibres have been presented. High temperature behaviour of FFRGP has 

also been described. Organic fibres (PVA) are a suitable reinforcement for room 

temperature applications achieving flexural resistance and avoiding total collapse of the 

sample during mechanical testings by virtue of the ductile failure mode of the PVA 

fibres. Inorganic fibres (basalt) did not significantly improve mechanical properties of 

the composite, due to the limited bonding with the matrix and the brittle failure of the 

fibre. However, basalt fibres are more suitable for thermal applications in a range of 

higher temperatures compared to PVA fibres that started to degrade above 150°C.  

Foamed and fibre reinforced geopolymer composites have potential in applications such 
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as insulators or as light weight building materials. Foaming the samples improved their 

ability to insulate due to a sample density of 0.96 g/cm3 and an associated 30% 

reduction in thermal conductivity. For the fire rating test, the best performance were 

observed for the foamed PVA fibres composite, thus indicating that PVA fibres 

degradation can be functional to reach good fire resistance products. 
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CAPTIONS: 

Fig. 1. Load versus sample extension during the three point bending tests of PVA 

FRGP. 

Fig. 2. Graphs displaying the mechanical properties versus fibre concentration: (A) 

flexural strength, (B) fracture toughness, (C) work to 1.5 mm of sample extension. 

Fig. 3. SEM micrographs showing PVA FRGP and PVA fibres. 

Fig. 4. SEM micrographs showing the microstructure of basalt FRGP. 

Fig. 5. Graphs displaying flexural strengths after high thermal exposure: (A) PVA and 

(B) basalt FRGP. Load versus sample extension of (C) PVA and (D) basalt FRGP that 

have been exposed to different temperatures during three point bending tests. 

Fig. 6. SEM images of (A) PVA fibre within the geopolymer matrix and and basalt 

FRGP after high temperature exposure at (B) 600° C, (C) 700° C, (D) 800° C, (E) 900° 

C and (F) 1000°C. 

Fig. 7. Temperature change with time of each of thermocouples during fire test of (A) 

PVA and (B) basalt FFRGP. (C) Average cold side temperature during the fire testing 

of basalt and PVA FFRGP that have been foamed. 

Fig. 8. Pore size distributions of different portions of (A) PVA and (B) basalt FFRGP. 

Fig. 9. Optical images of the surfaces of the panels after the 180 min fire test: (A) cold 

side of PVA FFRGP; (B) hot side of PVA FFRGP; (C) cold side of basalt FFRGP; (D) 

hot side of basalt FFRGP. 
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Fig. 10. Optical images of the cross sections of panels after the fire test: (A) PVA and 

(B) basalt FFRGP. 
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Table 1. Physical properties of FRGP. Values in parentheses represent the standard deviation of the least 

significant number to the left. 

Fibre 
type 

Fibre 
content 
(vol%) 

Cured 
density 
(g/cm3) 

Diameter of slurry 
Flow test (mm) 

Change in flow from 
control (%) 

- - 1.72 (2) 81 (2) 0.0 
PVA 0.5 1.60 (1) 69 (2) - 15.4 
PVA 1.0 1.61 (1) 47 (2) - 41.9 
Basalt 0.5 1.69 (3) 78 (2) - 3.7 
Basalt 1.0 1.7 (1) 69 (1) - 26.5 
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Table 2. Density and thermal conductivity of the FFRGP. Values in parentheses represent the standard 

deviation of the least significant number to the left. 

 

 

 

 

 

 

 

 

 

 

 

Fibres 
Fibre 

content  
(vol%) 

Foaming 
method  

Foaming agents 
concentration  

(wt%) 

Thermal 

conductivity 

(W/mK) 

Density 
(g/cm3) 

PVA 1.0 
Surfactant 

+ 
H2O2 

1.0 
 

0.1 

0.30 (2) 0.96 (1) 

Basalt 1.0 
Surfactant 

+ 
H2O2 

1.0 
 

0.1 

0.38 (2) 1.07 (1) 
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Table 3. Physical properties of the fire tested panels; times and temperatures at critical points during the 

fire testing of FFRGP samples.  

Fibre 
type 

vol% 
Mass loss  

 (%) 

Time for T (average)>165 
oC 

 (min) 

Time for T (any)>205 
oC  

(min) 

PVA 1.0  18 99 111 

Basalt 1.0  15 80 88 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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