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A B S T R A C T   

Hemp fibre is gaining attention as a sustainable alternative to synthetic fibres in cementitious 
composites. This study investigates the effects of dosage and alkali treatment of hemp fibre (HF) 
on the strength, shrinkage, and fire resistance of alkali-activated cement foam (AACF). Raw 
untreated and NaOH-treated HFs were added at 0.3%, 0.7%, and 1% of the volume of precursor 
slurry. The findings reveal that alkali-treated HF increases the compressive strength, which 
increased with dosage up to 0.7% and then dropped slightly at 1%. Whereas raw HF lowered 
compressive strength except for 0.7%. Flexural strength was enhanced by both treated and un-
treated fibre, which increased with the dosage up to 0.7% and then dropped slightly at 1%. The 
flexural strength enhancement (up to 260%) was higher than compressive strength (up to 54%) at 
all dosages. Moreover, alkali-treated HF exhibited higher strength compared to raw HF (54% vs 
32% under compression and 260% vs 220% under flexure). Residual compressive strength after 
exposure was measured as an indicator of fire resistance. It followed a similar variation with fibre 
dosage to their ambient compressive strength when exposed to 100◦C and 200◦C, where the 
optimum dosage of 0.7% had up to 65% higher strength for treated fibre and 16% higher strength 
for raw fibre. However, HF did not improve the residual strength for higher temperatures (400◦C 
and 800◦C). In contrast, they caused a higher proportion of strength loss by up to 83–91% of the 
original strength compared to 67–84% in the control.   

1. Introduction 

Foam concrete is a type of porous concrete prepared by artificially introducing voids in cement paste or mortar through a suitable 
foaming method. They remain a popular lightweight construction material because of their lower thermal conductivity, improved fire 
resistance and reduced self-weight. In general, Ordinary Portland cement (OPC) is used as the binder to produce this conventional 
foam concrete. However, due to the rising concerns over the greenhouse gas emission (GHG) associated with OPC and its increasing 
demand, alkali-activated cements (AAC) are being explored as a substitute for OPC in foam concrete [1]. The replacement of OPC with 
AAC can reduce the GHG emissions associated with concrete by up to 80% [2]. 
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The porous structure of alkali-activated cement foam (AACF) results in enhanced thermal insulation like the OPC-based foam 
concrete. In addition, AACFs produced from low calcium precursors like class F fly ash (also known as geopolymers) can provide 
superior fire resistance due to their polymer structure [1]. However, AACFs possess lower strength and display higher shrinkage similar 
to their OPC counterpart [1,3]. Therefore, flexible fibres like polyvinyl alcohol (PVA), polypropylene (PP) and basalt are generally 
used to improve these properties [4–7]. These fibres strongly adhere to the AAC through chemical and frictional bonds at the surface. 
Through these bonds, they bridge across the cracks formed under a load and resist the growth of cracks, improving the overall strength 
of the composite [8–10]. Especially in AACF, fibres can also improve mechanical performance by reducing the fluidity of the fresh AAC 
slurry in addition to the fibre-bridging action in hardened AACFs. In the fresh AAC slurry, fibres impose a resistance to flow because of 
their interlocking behaviour and reduce the slurry’s fluidity. This can result in finer pores in the AACF and increase overall strength 
[11]. The fibre bridging action can also improve durability by reducing drying shrinkage [9,12]. Also, these fibres melt when the 
fibre-reinforced AACF is exposed to fire, resulting in voids. These voids will act as pathways for the water vapour to escape and prevent 
the AACF from failing (cracking, spalling or disintegrating) due to excessive vapour pressure [4]. 

Having established the vital role of fibres in foam concretes and AACF, current efforts can be seen to replace these synthetic fibres 
with plant-based natural fibres (such as hemp, jute and kenaf), which are more sustainable, less toxic, widely available and cost- 
effective [13]. Among these fibres, hemp has received relatively higher attention because of its shorter maturity time (3.5 months), 
higher carbon storage potential and higher tensile strength [10,14]. Natural fibres are mainly composed of cellulose, hemicellulose and 
lignin polymer chains [15,16]. Here, the cellulose, because of its crystalline structure, is the stiffest and strongest component providing 
strength, stiffness and stability to the fibre. Hemp is made of around 80% cellulose by weight which is a relatively higher range among 
plant-based fibres [16]. 

A considerable body of research has already been reported on hemp-based cementitious composites. They show that incorporating 
hemp fibre improves mechanical properties and reduces drying shrinkage in OPC and AAC-based mortars [17–20], where the extent of 
these improvements depends on fibre composition and fibre-AAC interfacial bond [18]. Raw hemp fibre has hence been generally 
pre-treated following various procedures to improve the fibre composition and interfacial bond, among which alkali treatment using 
NaOH can be found as the commonly followed procedure. This process removes the non-cellulosic components (such as hemicellulose 
and lignin) and impurities (such as waxes and oils), which are detrimental to the performance of the resultant composite. First, these 
components degrade in an alkali medium, affecting the durability of fibres and thereby undermining the composite’s properties over 
time [15,16,18,21–23]. Also, because of their hydrophobic nature, these components reduce the adhesion between the fibre and the 
hydrophilic AAC matrix, which in turn negatively affects the mechanical properties [24]. Additionally, hemicellulose, in particular, 
retards the alkali activation reaction [15]. Therefore, their removal from pre-treatment is beneficial to the overall performance of the 
composite. As mentioned before, cellulose is the primary component that gives the fibre its strength [16]. Also, cellulose bonds well 
with the AAC matrix [15]. Therefore, the removal of other components increases the cellulose content in the fibre, which improves the 
strength of individual fibre and that of the resultant composite [25,26]. The NaOH treatment also defibrillates the fibre and creates a 
rougher surface, improving the bonding between the fibre and AAC/cement matrix [19,27]. 

Such observations of improved composite properties with alkali treatment are consistent for hemp fibre in cement matrix [27]. 
However, contradicting results have also been reported for AACs, where the alkali treatment has degraded the composites’ perfor-
mance in a few studies [10,19,21]. This was attributed to the strong alkaline environment used to produce AACs, where a pre-treated 
fibre might expose the cellulose chains to further alkali attack. This affects its crystallinity and thereby lowers the strength of individual 
fibres and the resultant AAC composite [20,26]. Whereas, in an untreated fibre, this strong alkali medium will remove the 
non-cellulosic components similar to the regular pre-treatment procedure, referred to as self-treatment [10,21]. Meanwhile, it should 
be noted that these conflicting observations could be a result of the different alkali treatment procedures followed in those works. 
Therefore, finding the effective alkali-treatment conditions for AAC composites requires further understanding in terms of concen-
tration, duration, and temperature. 

Regarding the thermal performance of hemp fibre, their thermal degradation is caused by the decomposition of cellulose, hemi-
cellulose and lignin polymer chains under heat. As in the mechanical strength, the cellulose chains contribute greatly to fire resistance 
because of their crystalline structure. Therefore, the alkali treatment improves the thermal stability of hemp fibre by increasing the 
cellulose content [28,29]. However, the influence of hemp fibre and alkali treatment on the residual properties of the resultant 
composite after heat exposure is not widely reported. 

Despite the considerable amount of work available on hemp fibre-based composites, the effects of hemp fibre on AACFs remain 
largely unexplored. Recently, Gencel et al. [30] have reported the benefits of hemp fibre in OPC-based foam concrete such as improved 
strength (compressive and flexural) and reduced drying shrinkage. However, as mentioned above, the interaction between the fibre 
and AAC and their durability in the AAC matrix are different due to the highly alkaline environment. Also, AACs exhibit a different 
response to heat and drying shrinkage depending on the precursor. Therefore, understanding the effects of hemp fibre in AACFs re-
quires experimental investigation. To the authors’ best knowledge there are no available studies that have assessed the effects of hemp 
fibre on AACFs. 

Here, we assess the influence of hemp fibre on the strength, elevated temperature performance and drying shrinkage of AACF. They 
are assessed at different fibre dosages separately for alkali-treated and raw hemp fibre to understand the effect of fibre dosage and 
alkali treatment. The efficiency of the selected treatment process was verified through scanning electron microscopy (SEM). The effect 
of fibre on the rheology of AAC slurry was investigated and correlated with the hardened properties. 
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2. Materials and methods 

2.1. Materials 

A combination of Ground Granulated Blast-furnace Slag (hereafter referred to as slag) and fly ash at a ratio of 70:30 was used as the 
precursor to prepare the AAC slurry. The slag and fly ash were obtained from Independent Cement and Lime Pty Ltd., Australia and 
Cement Australia, respectively. The precursors were activated using sodium hydroxide (>98% NaOH by weight) and anhydrous so-
dium metasilicate (50–51.5% Na2O and 45.5–47.5% SiO2 by weight). Both sodium hydroxide and sodium metasilicate were purchased 
from Redox Pty Ltd, Australia. Glucopon® 225 DK, a non-ionic surfactant provided by BASF Australia Ltd., was used as the foaming 
agent. The hemp fibre was obtained from a local supplier, and its specific gravity was determined as 1.23 ± 0.03. The thickness of 
individual hemp fibre measured from SEM images varied from 15 μm to 80 μm depending on the degree of bundling. The alkali 
treatment was performed by immersing the hemp fibre in 1.63 M NaOH solution for 1 h at 95◦C. Once removed from the NaOH so-
lution, they were washed thoroughly and dried at 70◦C for 12 h. The hemp fibre was manually cut into small pieces approximately 10 
mm in length before being added to the AAC slurry. 

2.2. Sample preparation 

Seven sets of AACF specimens were prepared for this study. It consisted of three different hemp fibre dosages for both treated and 
untreated fibre and a control mix without fibre. The mix compositions given as weight percentages are summarised in Table 1. Mix 1 
represents the control AACF mix without any fibre. Mix 2, Mix 3 and Mix 4 respectively represent the AACF with 0.3%, 0.7% and 1% 
hemp fibre by volume of the AAC slurry used for aeration. 0.3%, 0.7% and 1% of fibre to the volume of precursor slurry correspond to 
0.15%, 0.36% and 0.51% of fibre to the weight of the total ingredients given in Table 1. The corresponding AACFs with the alkali- 
treated hemp fibre are denoted by the Mix name followed by T inside the parenthesis, e.g., Mix 2 (T). 

The activating solution was prepared by sequentially dissolving the sodium silicate and sodium hydroxide pellets in warm water 
(60◦C) before beginning the mixing process. The resultant solution was then allowed to cool down to room temperature (≈22◦C). The 
AACF was prepared through mechanical foaming, where the AAC slurry and the premade foam were prepared separately and mixed in 
the next step. To prepare the AAC slurry, the precursors were first mixed for 2 min in a Hobart planetary mixer at slow speed to obtain a 
homogenous dry mixture. Then, the activator solution was added to the dry mixture and mixed for another minute at an intermediate 
speed. Following this, the hemp fibre was added to the wet mixture and mixed well for 2 more min at a higher speed. The aqueous foam 
was prepared by mixing the diluted foaming agent (1 part of Glucopon in 100 parts of water) using a high-shear mixer rotating at 2000 
rpm for about 5 min. The required amount of aqueous foam and the AAC slurry were then mixed using the Hobart planetary mixer at a 
slower speed for 3 min–5 min until a uniformly distributed bubble slurry system was achieved. Finally, the fresh AACF was cast in 50 x 
50 × 50 mm3 cubic mould and 40 x 40 × 160 mm3 prism moulds and cured at 25◦C and 50% RH for 24 h inside an environmental 
chamber to obtain the hardened AACF specimens. These hardened specimens were then sealed and cured inside the same environ-
mental chamber (25◦C and 50% RH) until the 28th day. 

2.3. Testing methods 

2.3.1. Mechanical strength 
The compressive strengths of the hardened specimens were measured using an Instron-5965 universal mechanical testing machine 

at a displacement rate of 2 mm/min after 28 days of curing. Three 50 × 50 × 50 mm3 cubic samples were tested for each AACF mix and 
the average was considered for analysis. The specific compressive strengths were obtained by dividing the average compressive 
strengths by corresponding average densities. Here, the densities were calculated from the volume (obtained from linear measure-
ments) and weight of the specimens. 

Flexural strengths were tested on the 40 x 40 × 160 mm3 prism specimens supported symmetrically at a spacing of 120 mm and 
loaded at the centre as described in ASTM C348-21 [31]. A loading rate of 1 mm/min was adopted. The flexural strength (Sf in MPa) 
was calculated from the ultimate load (P in N) using the relationship given in ASTM C348-21 (Eq. (1)) [31]. Like the compressive 
strength test, three specimens were tested for each AACF mix and the average value was considered. 

Sf = 0.0028 x P (1)  

2.3.2. Fire resistance 
Fire resistance was assessed through the residual strength of the AACF specimens after exposing them to selected elevated tem-

peratures following the procedure described in existing literature [32,33]. The selected exposure temperatures were 100◦C, 200◦C, 

Table 1 
Mix design given as weight percentages (%).   

Mix 1 Mix 2 Mix 3 Mix 4 

Slag 38.71 38.65 38.57 38.51 
Fly ash 16.59 16.56 16.53 16.51 
Water 30.41 30.37 30.31 30.26 
Sodium silicate 5.53 5.52 5.51 5.50 
Sodium hydroxide 2.76 2.76 2.76 2.75 
Foam 5.99 5.98 5.97 5.96 
Hemp fibre 0.00 0.15 0.36 0.51  
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400◦C and 800◦C. The specimens were heated inside a muffle furnace to the target temperature and were soaked in this temperature for 
1 h. They were then allowed to cool down to room temperature for strength measurements. Three 50 x 50 × 50 mm3 cubic specimens, 
cured for 28 days, were used for each exposure temperature and the residual compressive strength was determined as described in 
section 2.3.1. 

2.3.3. Drying shrinkage 
Drying shrinkage was measured on 40 x 40 × 160 mm3 prism specimens following the recommendations given for autoclaved 

aerated concrete in RILEM-ACC 5.1 1992 [3,34]. Spherical gauge plugs were attached to the ends of the specimens and the length 
measurements were taken using a Vernier calliper (accuracy = 0.01 mm > 0.03% of the specimen’s length). Three specimens were 
used for each mix and the average values are reported here. The first length measurement was taken after curing the specimens for 7 
days under sealed conditions. Repeated measurements were taken until at least 56 days while keeping the specimens exposed at 25◦C 
and 50% relative humidity. 

2.3.4. Micromorphology analysis of fibre 
The morphology of raw and alkali-treated hemp fibre was observed using a scanning Electron Microscope (SEM, ZEISS Supra 40 V 

P) to examine the effects of alkali treatment. Before conducting the test, the fibre was gold coated to a thickness of 15 nm using a K975X 
vacuum coating system. 

2.3.5. Flow measurement 
The effect of fibre on the rheology of the AAC slurry used for mechanical foaming was studied using a mini-cone following the 

ASTM C1437-07 standard [35]. The AAC slurry without the foam (prepared as described in section 2.2) was filled inside the flow cone 
in two layers and tamped 20 times with a tamper after filling each layer. Then the mould was lifted, and the table was dropped 25 times 
to obtain the flow diameter. 

3. Results and discussion 

3.1. Effects of alkali treatment on the morphology of hemp fibre 

A wide range of alkali treatments have so far been reported for hemp fibre with varying NaOH concentration, soaking duration and 
temperature. Therefore, SEM images of the fibre were first analysed to verify the efficiency of the alkali treatment adopted in this work. 
Fig. 1 shows that the untreated fibre is bundled and had dirt-like substances on the surface. The binding components are hemi-
celluloses, lignin, pectin and other substances. Whereas the dirt-like substances could be impurities such as wax and oils [26]. The 
alkali treatment unpacked the fibre bundle to expose individual fibres and the groves between them. This showed the adopted alkali 
treatment effectively removed hemicelluloses, lignin, pectin, wax and oils. This removal of impurities must increase the proportion of 
cellulose to the total mass of fibre, which can increase its strength. The improved fibrillation and well-defined grooves should help 
bonding between the fibre and the AAC matrix [26]. Also, pectin can trap calcium and inhibit the growth of C–S–H hydrates (the 
resultant product from the alkali activation of slag), and the removal of pectin should improve the extent of alkali activation compared 
to untreated fibre [27]. 

Fig. 1. SEM images of hemp fibre: (a and b) – Untreated raw fibre and (c and d)- Alkali treated fibre 
*The original scale is in the ribbon at the bottom of the image. However, it is manually drawn in larger size here for clarity. 
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3.2. The effect of fibre on the rheology of fresh AAC slurry 

Assessing the influence of fibre on the rheology of AAC slurry used for foaming is important as it may affect the pore characteristics 
of the hardened AACF, which will consequently affect mechanical strength and fire performance [1]. Fibres, in general, pose a 
resistance to flow and reduce the fluidity in cementitious pastes. In addition, hemp fibre should absorb water due to its hygroscopic 
nature and further reduce the flowability [30]. This should have resulted in reduced flow diameter with fibre content. However, from 
Fig. 2, we can see that the fibre had a negligible effect on the flow diameter. The diameter of the control mix was 175 mm, and the 
highest and lowest spread diameters were 182 mm and 162.5 mm obtained for Mix 2 (T) and Mix 4 (T), respectively. This showed a 
change in the range between +7 mm and − 12.5 mm. Also, this change did not follow any trends with the fibre dosage. Meanwhile, the 
studied AAC had a higher proportion of slag in the precursor and sodium silicate as an activator. This combination results in rapid yield 
stress growth due to the formation of primary C–S–H gel through the reaction between Ca2+ from slag and silicate ions [36]. Therefore, 
we can say that the faster yield stress development in the AAC slurry, in this case, should have outweighed the effects of hemp fibre on 
the rheology. This should also be partly attributed to the test procedure, where the fresh slurry is allowed to rest inside the mini cone 
for 1 min. This gave enough time for a rapid yield stress gain in the AAC which could have overshadowed the effects of hemp fibre. 
Even though the table is dropped after this, the relevant shear stress might not be enough. 

3.3. Mechanical properties 

3.3.1. Compressive strength 
Adding fibres to a cementitious system has two inherent effects that can either improve or degrade the mechanical properties of the 

resultant composite. The positive effect is the fibre-bridging action, where the fibres bridge across cracks and resist crack propagation 
through chemical and frictional bonds with the cement matrix [8]. This will enhance the composite’s resistance to failure and its 
load-bearing capacity. The adverse effect is the defects caused by the addition of fibres such as cavities and fibre clusters, which results 
in poor fibre bonding that weakens the cementitious matrix and reduces the overall strength of the composite [37]. Also, since fibre is 
weak in compression, the solid volume which can resist compression decreases as the fibre volume increases, which affects the 
compressive strength of the composite [38]. The resultant effect varies according to the type and dosage of fibre. In foam concretes, 
fibres might also indirectly affect mechanical properties by modifying the pore characteristics through their effect on rheology. 
However, since the hemp fibre did not significantly affect the rheology of the studied AAC slurry in the considered dosage (section 3.2), 
we can attribute the observed variation of mechanical properties (Fig. 3) to fibre bridging action and defects associated with the 
addition of hemp fibre. The impact of these two effects on the resultant mechanical performance has however varied with the fibre 
treatment process, dosage and type of loading. 

According to Fig. 3, considering the addition of untreated fibre, the compressive strength at 0.3% and 1% fibre dosages (Mix 2 and 
Mix 4) were lower than the control mix (Mix 1). The highest compressive strength was obtained for an intermediate fibre dosage of 
0.7% in Mix 3. The compressive strength variation among samples reinforced with alkali-treated hemp fibre also showed a similar 
trend, i.e., a peak compressive strength at 0.7% dosage. However, the compressive strengths of the samples reinforced with alkali- 
treated hemp fibre were always higher than the control sample. Also, for a given dosage, the alkali-treated fibre resulted in a 
higher compressive strength than the untreated fibre. 

We observed a slight variation in density among the samples despite the same foam content (Fig. 3b). This can be attributed to the 
sensitivity of the mixing procedure. In some of these samples, their densities complemented strength. For instance, the higher density 
of Mix 3 compared to Mixes 1, 2 and 4 agreed with its higher strength. Similarly, the higher density of Mix 3 (T) compared to Mix 1, 2 
(T), and 4 (T) complemented its higher strength. On the contrary, Mix 4 (T) despite having a lower density than Mix 4, Mix 1 and Mix 2, 

Fig. 2. Variation of flow diameter of the AAC slurry with fibre dosage.  
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possessed a higher compressive strength. This suggests that this variation in compressive strength cannot be completely attributed to 
the influence of fibre. Therefore, to eliminate the influence of density on compressive strength, specific compressive strengths were 
considered for further analysis (Fig. 3c). The specific compressive strength also followed a similar trend as the compressive strength 
with fibre dosage and treatment process. 

Considering the specific compressive strength of samples reinforced with untreated hemp fibre, we can notice that the defects 
caused by fibre outweighed the merits of fibre bridging at 0.3% (Mix 2) and 1% (Mix 4) dosages. At the optimum dosage of 0.7% in Mix 
3, the benefits of fibre bridging had the dominant effect, resulting in a higher compressive strength than the control sample. On the 
other hand, samples reinforced with alkali-treated hemp fibre always showed a higher specific compressive strength than the control 
specimen. This indicates that the fibre bridging action outweighed the associated defects in AACF reinforced with alkali-treated hemp 
fibre regardless of dosage. But they also showed a similar trend with 0.7% being the optimum dosage (Mix 3 (T)), which showed there 
is still a variation in the balance between fibre bridging and defects with the dosage. Also, at any given dosage, the AACF samples 
reinforced with alkali-treated hemp fibre showed a higher specific compressive strength than that reinforced with untreated hemp 
fibre. This could be attributed to various advantages of alkali treatment such as the removal of hydrophobic contaminants (e.g., wax 
and oils), increase in cellulose content and increased surface area due to defibrillation. This should have improved the strength of 
individual fibres and the fibre–AAC bonding. 

3.3.2. Flexural strength 
Unlike the compressive strength, which reduced with fibre integration for some dosages (in Mix 2 and Mix 4 with 0.3% and 0.7% 

untreated fibre, respectively), the flexural strength always increased with the addition of hemp fibre compared to the control sample 
(Fig. 3d). Also, the magnitude of this strength enhancement was much higher than compressive strength. For instance, the alkali- 
treated fibre increased flexural strength by 260% at the optimum dosage of 0.7%, whereas the corresponding compressive strength 
gain was only 54%. This large improvement of load-carrying capacity under flexure compared to that under compression can be 
attributed to the higher tensile capacity of hemp fibre. Fibres are very weak under compression [38]; therefore, the only mechanism 
through which they improve compressive strength is by resisting crack propagation [8]. On the other hand, fibres have a very high 
tensile capacity compared to the AAC matrix, which can improve flexural strength by directly carrying the flexural load in addition to 
resisting crack propagation. 

The variation of flexural strength still showed a few similarities to the variation of compressive strength with dosage and treatment 
process. For example, the maximum flexural strength was obtained for an optimum dosage of 0.7% and the AACFs reinforced with 
alkali-treated fibre showed higher strength than those reinforced with untreated fibre. This can also be attributed to the balance 
between fibre-bridging and defects induced by fibre reaching an optimum point at 0.7% dosage and the benefits of alkali pretreatment 
of fibre. 

Fig. 3. Variation of mechanical properties with fibre dosage for treated and untreated fibre: a) Compressive strength, b) density, c) Specific compressive strength and 
d) Flexural strength (The error bars represent one standard deviation from the average values). 
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3.4. Shrinkage 

The AACF samples showed severe shrinkage ranging between 1 × 10− 2 mm/mm and 1.2 × 10− 2 mm/mm at the end of testing as 
shown in Fig. 4. This higher shrinkage can be a result of using slag as the major precursor and the absence of coarse aggregates [3,39]. 
Because of the higher proportion of slag in the precursor, the resultant AAC is dominated by C–S–H gel as in alkali-activated slag (AAS) 
[40]. AAS generally suffers severe shrinkage due to a combined effect of higher drying and autogenous shrinkages [41]. This shrinkage 
is further worsened by the absence of coarse aggregates (the studied AACF does not contain fine aggregates as well), which is a 
common issue in aerated concretes [3]. 

The drying shrinkage of AACF reduced with the incorporation of both treated and untreated hemp fibre as seen in Fig. 4. Also, the 
control sample developed severe cracks with time, which was absent in the fibre reinforced AACF samples (Fig. 5). Similar obser-
vations of reduced drying shrinkage with the inclusion of flexible fibres (synthetic and natural) can be found in the literature [9,42]. 
However, the underlying mechanisms are not yet clear. The possible reason for such behaviour can either be the resistance imposed by 
fibre to dimensional changes from drying (fibre-bridging action) [5,9,43] or the slower rate of drying because of the moisture retained 
by the fibre [42,44,45]. 

From the variation of mechanical properties with fibre dosage, we can see that maximum fibre bridging was obtained at 0.7% 
dosage for both treated and untreated fibre. However, the extent of drying shrinkage continuously reduced with the fibre dosage. Also, 
the mechanical strength results showed that alkali treatment enhanced the fibre bridging. But the shrinkage in these samples did not 
vary much with the alkali treatment. From this, we can say the reduced drying shrinkage with fibre is not completely because of the 
fibre bridging the cracks and resisting movements. On the other hand, the mass change in these samples reveals that the addition of 
hemp fibre lowers moisture loss (Fig. 4 - c and d), complementing the variation of drying shrinkage. Hemp fibre is hygroscopic due to 
the presence of hydroxyl groups in the cellulose chains, to which the water molecules stay linked through hydrogen bonds [42,44,46]. 
Also, the porous structure and the presence of lignin, pectin, wax and nitrogen-containing substances improve the water adsorption 
capacity of hemp fibre [47]. Therefore, from the reduced rate of mass loss with fibre dosage and the hygroscopic nature of hemp fibre, 
we can say the lower drying shrinkage in fibre-reinforced AACF agrees more with the lower rate of drying compared to fibre bridging 
[42,44,45]. By comparing this behaviour with the effects of superabsorbent polymers on the drying of cement-based mortars studied in 
the past [48], two interesting parallels can be drawn regarding how the water-retaining ability of hemp fibre could have reduced the 
drying rate: 1. Reduced effective water content – since the fibre absorbs a lot of water, it lowers the amount of water which becomes a 
part of the binder and contributes to drying shrinkage and 2. Higher internal relative humidity – because of the water retained by the 
fibre, the internal relative humidity of the samples must be higher, consequently lowering both autogenous and drying shrinkages [48, 
49]. 

Even though hemp fibre mitigated drying shrinkage in this study, it should be acknowledged that similar natural fibres have also 
been reported to increase the drying shrinkage in fibre-reinforced cementitious composites. In such cases, the porous structure of 

Fig. 4. Variation of drying shrinkage and mass with time: a) Drying shrinkage and c) Mass change in AACF reinforced with untreated fibre and b) Drying shrinkage 
and d) Mass change in AACF reinforced with alkali-treated fibre. 
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natural fibres, which is considered to make the fibre hygroscopic and lower the drying shrinkage, has also been said to accelerate 
moisture loss by forming pathways for moisture movement [43,50,51]. This shows that the effects of natural fibres on the drying 
shrinkage of OPC and/or AAC-based composites are not conclusive and require more evidence and explanations. 

3.5. Fire resistance 

The strength of AACF samples exposed to elevated temperatures was always lower than the unexposed samples and reduced with 
the exposure temperature as shown in Fig. 6 (a and b). This strength loss can be attributed to the presence of slag as the major pre-
cursor. AAS generally loses its strength at elevated temperatures due to the removal of water which results in thermal contraction and 
microcracks [52,53]. This thermal contraction and microcracking are severe between 100◦C and 200◦C due to the removal of phys-
ically bound water. This explains the rapid strength loss up to 200◦C, which did not decrease much when further heated to 400◦C and 
800◦C [52,53]. 

Looking at the residual strength after exposure to 100◦C and 200◦C (Fig. 6 a and b), it generally followed a similar trend to the 
ambient compressive strength (Fig. 3a and c); however, there are a few exceptions to this general trend. For instance, the AACF samples 
reinforced with alkali-treated fibre (except Mix 4(T) at 200◦C) showed almost equal or higher residual strength than the control sample 
with a dosage of 0.7% resulting in the maximum strength (Fig. 6b). This corresponds with the variation of ambient compressive 
strength with fibre dosage in alkali-treated fibre reinforced AACF (Fig. 3a). A similar agreement can be observed between the ambient 
compressive strength of AACF samples reinforced with untreated fibre (Fig. 3a) and the residual strength of those exposed to 200◦C 
(Fig. 6 a). Here, a dosage of 0.7% (Mix 3) showed higher residual strength than the control specimen, whereas the other two dosages 
(0.3% - Mix 2 and 1% - Mix 4) showed a lower residual strength (Fig. 6a). Even though a similar observation can be made for the 
samples reinforced with untreated fibre exposed to 100◦C, the variation is very small. When the exposure temperature was further 
increased, at 400◦C and 800◦C, the samples did not show much variation in strength (except Mix 4 and Mix 4 (T) which had the highest 

Fig. 5. Drying shrinkage samples at the end of testing: a) Control sample -Mix 1 and b) Example of a fibre-reinforced sample - Mix 2 (T).  

Fig. 6. The residual strengths of AACFs given as strength values (a and b) and percentage of ambient strength (c and d): a) and c) – AACFs reinforced with untreated 
hemp fibre and b) and d) - AACF reinforced with alkali-treated hemp fibre. (The error bars represent one standard deviation from the average values). 
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percentage of fibre). Moreover, the control sample generally performed equal to or better than the fibre-reinforced samples at 400◦C 
and 800◦C (both untreated and alkali-treated). Therefore, we can observe the presence of two temperature regimes, wherein in the 
lower temperature regime (100◦C and 200◦C), the residual strength varied with the fibre content similar to the ambient compressive 
strength. On the other hand, at the higher temperature regime (400◦C and 800◦C), the residual strength did not change much with the 
fibre content. These two regimes agreed with the major thermal decomposition range of hemp fibre 200–400◦C [19,25,29]. 

Considering the first regime, as mentioned above, the residual strength after exposure to 100◦C and 200◦C followed a similar trend 
to their ambient strength with the fibre dosage. For these temperatures, Mix 2(T), Mix 3, Mix 3(T) and Mix 4(T) showed a higher 
residual compressive strength than the control samples (Except Mix 4(T) at 200◦C) as seen in Fig. 6(a and b). Despite this improved 
residual strength, the percentages of respective initial strengths retained by these samples did not follow the same trend (Fig. 6 c and 
d). For instance, Mix 3, Mix 3 (T) and Mix 4(T), which showed higher residual strength than the control sample when exposed to 100◦C, 
retained only a smaller proportion of their ambient strength compared to the control sample. A similar discrepancy can be observed for 
Mix 3 at 200◦C. Therefore, we can say that, at 100◦C and 200◦C, the residual strength of the fibre reinforced AACF was directly affected 
by the presence of hemp fibre similar to how they affected the ambient strength (discussed in section 3.3.1). This is determined by the 
balance between fibre-bridging action and defects induced by fibre, depending on dosage and pre-treatment. However, the hemp fibre 
did not minimise the strength loss due to the thermal contraction of the AACF. 

In the second regime (400◦C and 800◦C), because of the thermal decomposition, fibre can no longer have a direct effect on the 
residual strength. They could still indirectly affect the residual strength through the space left by burnt fibre that act as dehydration 
pathways and prevent strength loss [4]. However, the retained strength given as a percentage of initial strength has lowered with the 
fibre dosage at 400◦C and 800◦C. This could be attributed to the increase in overall porosity from the pores left by burnt fibre [7]. This 
shows that the pores created by the decomposed hemp fibre is not efficient in preventing strength loss from thermal contraction. 

4. Conclusions 

This study assesses the effects of hemp fibre on the mechanical and elevated temperature performance of AACF. Three fibre 
contents of 0.3%, 0.7% and 1% (by the volume of precursor slurry) were considered to identify the effects of dosage. Both untreated 
and alkali-treated hemp fibre was used to identify the effects of alkali treatment. The following conclusions can be drawn from this 
study.  

• The NaOH pre-treatment with 1.63 M NaOH solution for 1 h at 95◦C was found suitable for alkali-activated cement. It efficiently 
removed the impurities and non-cellulose components and defibrillated the fibre, which enhanced the mechanical properties.  

• Alkali-treated hemp fibre enhances the strength of AACF more than raw fibre. The untreated fibre increased the compressive 
strength only at the optimum dosage of 0.7% (by 32%) and degraded the compressive strength at other dosages (by up to 18%). 
Meanwhile, the treated fibre consistently increased the compressive strength (by 20–54%). Likewise, the flexural strength 
increased by 220–260% for treated fibre compared to 188–240% for untreated fibre. The strength enhancement by hemp fibre was 
much higher under flexure (up to 260%) compared to compression (up to 54%).  

• There is an optimum dosage that results in the maximum strength where the benefits of fibre bridging outweigh the defects from 
fibre by the greatest ratio. Above this dosage, strength starts to drop. This dosage was found as 0.7% for both treated and untreated 
fibre.  

• The AACF displayed high shrinkage in the range of 1.25 × 10− 2 mm/mm. Hemp fibre reduced this shrinkage with dosage for both 
treated and untreated fibre (down to around 1 × 10− 2 mm/mm). This behaviour agrees with the ability of fibre to retain water and 
slow down the drying process.  

• Hemp fibre is effective in improving fire resistance at lower exposure temperatures. The AACF reinforced with 0.7% alkali-treated 
fibre resulted in the highest residual compressive strength which was 53% and 65% higher than the control mix at 100◦C and 
200◦C, respectively. The untreated fibre also resulted in a higher residual strength than the control (by 15–16%) at these tem-
peratures but it was lower than the alkali-treated fibre.  

• Hemp fibre is not efficient in improving fire resistance at higher exposure temperatures (at 400◦C and 800◦C), where the AACF 
samples did not show a big variation in residual compressive strength with the fibre dosage. Moreover, the proportion of respective 
initial strength retained after heat exposure decreased with the fibre dosage by up to 83% at 400◦C and 91% at 800◦C. Whereas, the 
control AACF lost only around 67% at 400◦C and 84% at 800◦C. This can be attributed to the increased porosity from the space left 
by burnt fibre. 
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