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 Abstract: 
The high manufacturing cost of conventional fibres and 
the need for greener and more sustainable 
constructions necessitate the adoption of plant-based 
fibres in concrete. Previous research has shown that 
fibres remarkably influence the post-fire behaviour of 
concrete. Post-fire concrete strengths and micro-
imageries are vital to the serviceability requirements of 
concrete. Therefore, this paper presents an 
experimental report on a 28-day cured kenaf fibrous 
high-strength concrete (KFHSC), heated from ambient 
temperature to 800 ºC at 100 ºC intervals, sustained for 
1, 2, and 3 h, and tested after being cooled naturally to 
ambient temperature. The fibres were treated and 
examined through SEM to ascertain their interfacial 
properties. Test samples of concrete grade 60 were 
prepared using an optimum volume (0,75 %) and length 
(25 mm). The KFHSC's residual strength characteristics, 
weight, ultrasonic pulse velocity, and morphology were 
determined and compared with plain (unreinforced) 
high-strength concrete. The findings show that samples 
of both mixes degraded with an increase in temperature 
and exposure durations. However, kenaf fibre retrained 
crack extension at a lower temperature phase and 
through networks of channels within the matrices, 
reduced pore pressure build-up at a higher temperature 
phase and consequently lessened the explosive spalling 
of the heated concrete. 
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1 Introduction 

High-strength concrete (HSC) is becoming increasingly popular because of its high resistance 
to compressive stresses with minimal thickness demands for specific segments, which lowers 
the weight of the structure. Manufacturing it requires a high proportion of cement with a low 
water–cement ratio and water-lessening admixtures [1]. Additionally, fibre contributes 
significantly to the creation of tougher and more durable concrete that deteriorates less owing 
to cracks, corrosion, and fire impact; however, the high cost of manufacturing commonly used 
fibres and the need for greener composites engendered the use of biofibres in concrete. For 
more than four decades, plant-based fibres derived from cotton, hemp, jute, bamboo, flax, 
ramie, coconut, sisal, bagasse, and kenaf have been incorporated into concrete with notable 
enhancements in characteristics and more research possibilities [2-4]. 
Fibres, particularly hybrids of metallic and polypropylene fibres, have been shown to improve 
the fire behaviour of HSC by reducing the buildup of vapour pressure and crack propagation 
[5-7]. However, previous studies have shown that biofibres in concrete reduce crack 
propagation and pore-pressure buildup in heated concrete, in addition to providing 
sustainability, CO2 neutrality, and relatively high stiffness [3; 8; 9]. However, the behaviour of 
biofibrous concrete exposed to high temperatures has not been studied extensively. 
Nonetheless, only a few studies focused on normal-strength concrete using hemp fibres [10] 
heated up to 400 °C. Studies found that hemp fibres had no discernible effect on the retained 
characteristics of the concrete, and hemp fibres that were only partially broken may have 
slowed the spread of cracks. In addition, HPC and ultra-high-performance concrete (UHPC) 
incorporating jute have been studied, and the studies found that in contrast to 3 kg/m3 for 
polypropylene fibres, 10 kg/m3 of jute fibres is required to lessen the UHPC spalling tendency 
[11; 12]. Thus, jute fibres can be used as a spalling-mitigation measure in high-performance 
concrete. 
Moreover, the synergistic advantages of biofibres and steel fibres were explored. A study [13] 
examined the impacts of bamboo fibres on UHPC at high temperatures, focusing on the blend 
of bamboo and steel fibres, with different fibre compositions (0-2 % steel fibres, 0-1,5 % 
bamboo fibres), the UHPC samples were exposed to temperatures of 200, 400, 600, and 800 
°C. According to the results, the bamboo fibres considerably improved the crack resistance 
and anti-spalling characteristics. Bamboo fibre carbonisation produced channels that reduced 
steam pressure and thermal stress between 400 and 600 °C, preventing cracks from spreading 
and spalling. The hybrid fibre system demonstrated lower porosity, less fracture growth, and 
preserved compressive strength compared with steel fibre-only UHPC. By reducing the internal 
stresses caused by uneven thermal expansion, bamboo fibres help increase the overall 
thermal endurance of the material. A similar study [14] examined the combined effects of steel 
fibres (SF) and bamboo fibres (BF) on the mechanical and spalling properties of UHPC 
subjected to high temperatures using 25 mixes of five different contents of BF (0,0; 2,5; 5,0; 
7,5; and 10,0 kg/m3) and five of SF (0, 1, 2, 3, and 4 %), exposed to temperature that ranged 
from 25 to 800 °C. The results showed that a low hybrid content of BF and SF completely 
prevented UHPC from spalling; using either SF or BF alone was unable to stop spalling at high 
fibre levels. Furthermore, the increase in the permeability of BFs and the bridging function of 
SF caused a synergistic beneficial effect of BF and SF on the spalling resistance of UHPC. No 
reports have been published on HSC reinforced with biofibres, which are also prone to 
explosive spalling owing to their dense microstructure. Hence, such a study is required. 
Originating in Africa, the kenaf plant, an ancient (4000 years old) herbaceous plant and part of 
Hibiscus Cannabinus (family Malvaceae), similar to the cotton plant [8], is the source of kenaf 
fibre. It is widely and commercially grown in Malaysia, where this study was conducted, and 
its high yield, tensile strength, low density, high aspect ratio, and modulus make it useful [8]. 
Recent studies have found that kenaf fibres are beneficial, and research on fibre 
characterisation, composite creation, and usage in construction has been conducted on kenaf 
fibre-reinforced concrete [3; 15;16]. It saves energy because 1 kg of glass fibre requires 54 MJ 
of energy to make compared with 15 MJ for kenaf [3]. Biofibrous concrete exhibits better 
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functionality at room temperature, and its efficacy at higher temperatures is currently a primary 
area of investigation. 
The durability and capability of kenaf fibres in HSC under thermal stress must also be 
considered in the search for biofibrous building materials. The serviceability requirements of 
fire-damaged HSC are significantly influenced by the strength and microstructure. Other 
biofibres such as hemp, jute, and Spanish-broom fibres in composites have been studied [10-
12; 17]. Additionally, the retained strength characteristics and matrix structures of kenaf fibrous 
high-strength concrete (KFHSC) should be studied at the micro level. Therefore, this study 
investigated KFHSC of grade 60, exposed to thermal loads up to 800 ºC, maintained for 1, 2, 
and 3 h, and tested after cooling using the unstressed residual testing technique. The 
ultrasonic pulse velocity (UPV), weight loss, morphology, and residual mechanical 
characteristics of the KFHSC were measured and compared with those of plain high-strength 
concrete (PHSC). In addition to using the data obtained in this study in the biocomposite 
construction sector, it can also be used to build standards for design and application strategies. 

2 Methodology  

2.1 Materials 

The materials used for this research included aggregates, cement, kenaf fibre, potable water, 
and a superplasticiser. Kenaf was obtained from the National Tobacco Board in Kelantan, 
Malaysia. However, because of the hygroscopic and hydrophilic nature of kenaf fibres, 
modification of the fibres through alkaline treatment was necessary before they could be used 
in a concrete mixture. The fibres were treated with an optimum alkaline concentration of 5 % 
NaOH. At ambient temperature, the fibre samples were kept in the alkaline solution for 3 h for 
adequate mercerization, after which the fibres were washed and kept in fresh water for 24 h to 
completely remove the alkaline solution. This treatment removes impurities such as waxes, oil, 
and pectins, consequently improving the surface roughness of the fibre-concrete matrix affinity 
[18]. The fibres were air-dried, combed, and chopped to 25 mm, as shown in Figure 1a), before 
adding 0,75 % volume to the mixture. 
Figure 1a) shows the treated, short discrete kenaf fibre, and Figure 1b) shows that the alkaline 
solution removed the wax and oil protecting the outer face of the fibre cell wall and the 
hydrogen bonding in the interconnected structure of fibre cellulose, hemicellulose, and lignin, 
thereby improving the fibre surface roughness and interfacial properties. The interfacial 
properties of a fibre are crucial for its function in a cementitious matrix. Figure 1c) shows the 
untreated kenaf fibres. The smooth surface of the untreated fibre is shown in Figure 1d), which 
shows the network of cellulose, wax, and oil covering the surface, as reported in a previous 
study [10] on hemp fibre modification.  

 

Figure 1. Kenaf fibre: a) treated, b) SEM (treated), c) untreated, and d) SEM (untreated) 

The physical and strength characteristics of the kenaf fibres used in this study were obtained 
through tests [19]; the test results are presented in Table 1. River sand with a maximum grain 
size of 4,75 mm was used as the fine aggregate, and crushed granite of 10 mm was used; 
both fine and coarse aggregates were well graded, following the standard [20]. Ordinary 
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Portland cement (OPC, 142.5) and RHEOBUILD 1100 superplasticiser were used according 
to existing standards [21]. 

Table 1. Characteristics of alkaline-treated kenaf fibres [22] 

Fibre characteristics The values 

diameter (µm) 40-115 

length (mm) 25 

average aspect ratio 500 µm 

tensile strength (MPa) 136-930 

elastic modulus (GPa) 15-54 

elongation at yield (%) 1,60-1,77 

density (kg/m3) 1,05-1,52 

2.2 Concrete mixing and sample preparation 

For this investigation, two mixes of 264 samples were prepared for UPV, compressive strength, 
and split tensile tests at ambient and elevated temperatures using the Department of the 
Environment's (DOE) mix design approach. Twelve cubical and cylindrical concrete samples 
were prepared for the ambient assessment of the control and kenaf fibre concrete mixtures, 
whereas 252 samples comprising cubes and cylinders were prepared for heat treatment. The 
mix designs are presented in Table 2. The mixing process used to prepare the KFHSC 
specimens was slightly different from the ordinary concrete mixing procedure because of the 
addition of kenaf fibres. Before the mixing process, short, distinct kenaf fibres were soaked for 
30 min [23]. This was performed to hydrate the fibres to avoid affecting the already designed 
water–cement ratio of the mixture. All the aggregates were poured into a mixing drum and 
mixed before the addition of cement and water. Subsequently, the fibres were gradually added 
in small amounts and the mixture was blended for five minutes. A dosage of superplasticiser 
was added and mixed for five minutes to ensure consistency of the mixture and to mitigate the 
'balling' effect in the KFHSC mixture, which is one of the commonest problems with 
cementitious biocomposites [24]. After casting, a vibrating table was used to properly compact 
the fresh specimens, which were then demoulded after 24 h, as shown in Figure 2, and cured 
in water for 28 days. The samples were then dried at room temperature, weighed, and tested. 

 

Figure 2. Demoded cube and cylindrical samples 
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Table 2. Concrete mix design 

Mixes PHSC KFHSC 

kenaf fibre (%) 0 0,75 

kenaf fiber (kg/m3) 0 9 

water (w/c=0,33) (kg/m3) 250 250 

cement (kg/m3) 532 532 

fine agg. (kg/m3) 688 688 

coarse agg. (kg/m3) 875 875 

SP (1 %) 5,32 5,32 

2.3 Concrete furnace treatment 

One method to determine the aversion of concrete to fire is through standard fire tests [25; 26]. 
However, this study used an unstressed residual testing procedure, which lets samples to cool 
to ambient temperature before being loaded to failure to obtain the strength properties; this 
procedure is comparable to those in previous studies [19; 20]. Each category of KFHSC 
samples (cubes, and cylinders) along with the control samples were heated to 100, 200, 300, 
400, 600, and 800 °C and for 1, 2 and 3 h of heating cycles in a furnace (muffle cardiolite) that 
was powered electrically. as shown in Figure 3. The heating rate was 4,1 °C/min for 1, 2, 3 h, 
as shown in Figure 4, like some previous studies [27,28]. The samples were allowed to cool 
naturally to room temperature, and the cooling was monitored with a portable Reed Infrared 
thermometer; the average cooling rate was 49 °C/min for the 800 ºC samples. The weight loss, 
UPV, compressive strength, and splitting tensile strength of the samples were examined. 

 

Figure 3. Cube sample in a furnace 



Oluwatobi, A. et al. 
Post-fire strengths and morphological properties of high-strength concrete 

reinforced with kenaf fibres 

 

ACAE | 2025, Vol. 16, Issue No. 31 

 

Page | 206  

 

 

Figure 4. Temperature–time heating curve for the samples 

2.4 Tests on hardened heated samples 

Each test was conducted in Malaysia at the Universiti Teknologi Malaysia's D04 Faculty of 
Civil Engineering. The samples were subjected to UPV to compare the pre- and post-furnace 
heating integrity of the KFHSC and PHSC. The weight loss in the KFHSC cube samples was 
ascertained by calculating the pre- and post-furnace heating weight differences, expressed in 
percentages as a function of the increased temperatures for the 1, 2, and 3 h exposures. A 
compressive strength test based on [29] was conducted using a 2500 kN compression 
machine with a loading rate of 6 kN/s. Air-cooled 100 mm cube KFRC samples were tested 
under the compression machine, as shown in Figure 5a), for each targeted temperatures (100, 
200, 300, 400, 600, and 800 °C), and the average values were recorded as the residual 
strengths. The average UPV test results for each target temperature were also estimated as a 
function of the elevated temperature and exposure period. 

  
a) b) 

Figure 5. a) Compressive strength loading, b) splitting tensile loading 

The same machine used for the compressive strength test was used for the split tensile 
strength test based on a previous study [30]. Cylindrical samples (100 diameters and 200 mm 
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height) were loaded at a rate of 1,25 kN/s using the same machine, but the jaw was changed, 
and the samples were packed with a plywood plate at the lower and upper parts of the jaw. 
The average and relative residual strengths were obtained for the compressive and split tensile 
strengths, where the relative residual strength at a given temperature was the residual strength 
ratio at different target temperatures to the strength at ambient temperatures. The 
microstructures of the samples were examined using scanning electron microscopy (SEM, 
JEOL JSM-IT300LV) at a working voltage of 20 kV. 

3 Results and discussion 

Because different material compositions and temperature variations affect the performance of 
concrete differently, strength characteristics continue to be the most important characteristics 
of concrete subjected to high temperatures [31]. The test results presented in this section 
include the weight loss, residual UPV, compressive strength, and split tensile strength, which 
demonstrate the decrease in concrete strength with temperature variation and exposure times. 

3.1 Result of residual UPV 

Because of its lower density than that of PHSC, kenaf fibre had a noticeable effect on the UPV 
results of KFHSC. Figure 6 shows the UPV values for KFHSC and PHSC at room temperature, 
which were 4,786 and 4,856 km/s, respectively. A higher value of 1,5 % for PHSC indicates 
good concrete quality [32]. Both combinations underwent a slow transformation before 400 ºC. 
Nevertheless, at 400 ºC and above, the UPV values for KFHSC and PHSC decreased 
dramatically. Hence, KFHSC and PHSC lost 22 %, 19 %, 7 2%, and 68 % of their pre-heating 
values at 800 and 400 ºC for 1 h exposure, respectively. As shown in Figure 6, the effects of 
the exposure temperature and time became significant for 2 h exposure. 
Consequently, the KFHSC and PHSC lost 28 % and 24 % of their pre-heating values at 400 
ºC and 78 % and 71 % of their UPV values at 800 ºC, respectively. Over three hours, both 
samples degraded at 800 ºC, losing 82 % (0,842 km/s) and 76 % (1,187 km/s) of their original 
values, respectively. Both mixes were considered to experience microstructure coarsening due 
to fire impact [27]; therefore, the decline in the KFHSC UPV was not solely attributable to the 
ashing of kenaf fibres, but rather to the breakdown of C-S-H at 450 ºC, which made the 
matrices more porous and permeable, lowering the sample's UPV values. Figure 7 shows the 
UPV values based on the temperature relative to the ambient temperature. Table 3 also shows 
the proposed models for two of the six curves, with R2 = 0,996 and 0,992, respectively. 

 

Figure 6. Residual UPV vs. temperature changes and exposure period 
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Figure 7. Relative residual UPV vs. temperature for 1, 2, and 3 h 

Table 3. Proposed models for relative residual UPV 

Mixture Model R2 

KFHSC-3 
𝑉𝑇

𝑉26
= −4 × 10−7𝑇2 − 0,0008𝑇 + 1,0397 0,992 

PHSC-3 
𝑉𝑇

𝑉26
= −5 × 10−7𝑇2 − 0,0006𝑇 + 1,028 0,996 

3.2 Weight loss 

Concrete degradation can be estimated by calculating the weight loss [33]. Figure 8 illustrates 
the effects of the exposure temperatures and duration on the weight of the KFHSC and PHSC 
samples. At room temperature, the KFHSC samples were lighter than the PHSC samples 
because kenaf fibres have a lower specific gravity than steel fibres. After an hour of heating 
between 26 and 300 °C, both mixes slightly lost their weight, which may have been caused by 
the samples becoming dehydrated, as confirmed in a similar study [34]. 
KFHSC and PHSC lost 2,5 % and 2,1 % at 300 °C and 9,4 % and 8,4 % at 800 °C, respectively. 
For a two-hour exposure period, both mixes lost weight between 26 and 300 °C, but KFHSC's 
loss was particularly noticeable. At 300 °C, KFHSC and PHSC lost 4,6% and 3,1 %, 
respectively. KFHSC lost weight significantly at 800 °C (9,6%) as opposed to PHSC (8,8 %). 
Moreover, Figure 7 illustrates that weight loss was more significant for 3 h heating compared 
with that for 1 and 2 h. At 300 ºC, KFHSC lost 4,7 %, whereas PHSC lost 3,5 %. At 800 ºC, 
KFHSC lost 9,9 %, whereas PHSC lost 8,8 %. At this temperature, the kenaf fibres in the 
KFHSC samples were completely broken down, and the cement paste and aggregates dried 
in both mixes. In addition to fibre deterioration, the lower density and higher permeability matrix 
of KFHSC dehydrates more quickly than samples with higher densities, which is the cause of 
greater weight loss. This discovery is consistent with the use of hemp fibre [10], the 
disintegration of concrete components at high temperatures, the release of bound water from 
the cement paste, and the porosity of concrete [35]. 
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Figure 8. Average weight losses vs. temperature changes and exposure periods 

3.3 Residual compressive strength test 

Figure 9 shows the relative compressive strengths of the KFHSC and PHSC mixes for various 
temperatures and exposure durations. Note that kenaf fibre did not increase the compressive 
strength of the KFHSC mix, even at room temperature, which is typical for all biofibres. This 
could be explained by the balling effect in fresh concrete, low specific gravity, and the inability 
to distribute the fibre evenly in the mix. Consequently, the strength enhancement experienced 
on the composite was a regular concrete strength spike initiated at a particular temperature 
level owing to the hydration of the remaining unhydrated cement within the composite [36]. 
The strengths of KFHSC and PHSC increased by 1 % and 2 % at 100 °C, respectively, after 1 
h exposure, as shown in Figure 8, which was consistent with a similar report [37]. A possible 
explanation for the slight increase in compressive strength is that the samples were dehydrated 
in a lower temperature range, which created van Der Waals forces before boosting the 
strength. Moreover, calcium hydro-silicate (C-S-H) and Ca(OH)2 are exuded, and the release 
of chemically bound free water is accelerated. Nevertheless, a 14% and 13% decrease was 
observed in the KFHSC and PHSC strength at 200 °C respectively. A possible explanation for 
this is that the water content of the samples decreased, creating voids that reduced their 
compressive strengths. This phenomenon is known as a 'strength recession' [38]. The KFHSC 
and PHSC strengths increased by 6 % at 300 ºC compared with that at 200 ºC. This could be 
because the hydration phase was exhausted, enabling vaporised water to move through the 
pores and voids of the unhydrated cement, forming greater bonds within the KFHSC matrix. 
PHSC and KFHSC recovered to 99 % and 97 % at 400 ºC, respectively, and both KFHSC and 
PHSC lost 48 % and 37 % of their initial strength at 600 ºC and 76 % and 68 % at 800 ºC, 
respectively. 
Comparably, both mixtures increased in strength by 2 % at 100 ºC and decreased by 12 % 
and 11 % at 300 ºC, respectively, after 2 h of exposure, as illustrated in Figure 9. At 400 ºC, 
the compressive strength decreased by only 8 % and 7 % for KFHSC and PHSC, respectively. 
At 800 ºC, KFHSC and PHSC lost 71 % and 80 % of their room-temperature strength, 
respectively. Figure 8 depicts the results for a 3 h duration. At 100 ºC, both mixtures gained 2 
% strength, but their strengths declined quickly. At 800 ºC, KFHSC and PHSC lost 83% and 
76 % of their room-temperature strength, respectively. The creation of further hydration 
products through the change from the C-S-H state to the pectolite state [NaCa2Si3O8(OH)]. 
The first stage of aggregate and C-S-H disintegration began at 600 oC, and the second stage 
of C-S-H disintegration and β-C2S generation occurred between 400 and 800 ºC for both 
mixes. To the best of our knowledge, no reports have been published on the effects of elevated 
temperatures and exposure periods on biofibrous concrete to validate this finding. However, 
previous reports [10; 12; 17] have revealed comparable outcomes for 1, 2, and 3 h exposures 
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for hemp, jute, and Spanish broom fibres, respectively. Thus, we can conclude that the KFHSC 
strength reduction is a result of concrete material degradation rather than a fibre effect [12]. 

 

Figure 9. Relative residual compressive strength vs. temperature changes and 
exposure period 

Figure 10 shows the relationship between the compressive data for KFNSC and KFHSC, with 
their control samples between 26 to 800 ºC for 3 h. The curves in the graphs were tested for 
fit, and the highest one with R2 was selected. Polynomial regression curves were obtained for 
(fcT)/(fc26), as shown in Figure 10, which indicates that (fcT)/(fc26) decreased with increasing 
temperature. Increases in temperature and exposure duration significantly influenced the 
relative residual compressive strength. The proposed equations for the compressive strength 
are presented in Table 4. 

 

Figure 10. Relative residual KFHSC compressive strength vs. temperature change for 
1, 2, and 3 h 
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Table 4. Models for relative residual compressive strength 

Mixture Model R2 

KFHSC-2 
𝑓𝑐
𝑇

𝑓𝑐
26
= −1 × 10−6𝑇2 + 7 × 10−5𝑇 + 0,9927 0,950 

PHSC-2 
𝑓𝑐
𝑇

𝑓𝑐
26
= −10−6𝑇2 + 0,0002𝑇 + 0,9821 0,955 

KFHSC-3 
𝑓𝑐
𝑇

𝑓𝑐
26
= −1−6𝑇2 − 0,0002𝑇 + 0,9821 0,962 

PHSC-3 
𝑓𝑐
𝑇

𝑓𝑐
26
= −9 × 10−7𝑇2 − 0,0002𝑇 + 1,007 0,968 

3.4 Residual splitting tensile strength test 

Concrete containing kenaf fibres has a significant benefit in terms of tensile stress resistance. 
The cylindrical KFHSC samples displayed only minor surface cracks and withstood abrupt 
failure or complete breakage. The KFHSC and PHSC exhibited a 4% strength enhancement 
at 100 ºC, as illustrated in Figure 11; however, as the temperature and duration increased, the 
split tensile strength decreased rapidly. The room-temperature values of KFHSC and PHSC 
decreased by 23 % and 17 % at 400 ºC and 72 % and 66 % at 800 ºC, respectively. Over two 
hours of exposure, only a slight increase in their strength by 2 % at 100 ºC and 100 % strength 
recovery at 100 ºC after 3 h was observed. However, both mixes lost 81 % and 76 % of their 
initial strength at 800 ºC. Figure 11 illustrates the loss in the pre-heating strength of both mixes 
of 87 % and 81 % at 800 ºC for a 3 h exposure period. The behaviour of KFHSC between 26 
and 400 °C was consistent with the earlier discovery [28] that used Alfa fibre, in contrast to 
non-fibrous samples. When concrete is exposed to indirect tensile stress, kenaf fibres absorb 
the tensile force and stop progressive cracking through stress distribution and bridging 
mechanisms. The capacity of kenaf fibres to span fissures in the concrete matrix offers some 
post-cracking ductility and prevents cracks from spreading further. Consequently, this caused 
the improvement in tensile splitting strength of KFHSC at the lower temperature phase (100-
300 °C).  

 

Figure 11. Relative residual splitting tensile Strength vs. temperature changes and 
exposure period 

Figure 12 shows the correlation between the relative residuals of the split tensile strength 
(KFHSC and PHSC) data and the temperature variations for 1 and 3 h. The highest one with 
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R2 was selected after the fitting. Linear and polynomial regression curves were obtained for 
(ftT)/(ft26), as shown in Figure 12, which indicates that (ftT)/(ft26) decreased with increasing 
temperature. The relative residual tensile strength was significantly influenced by an increase 
in temperature and exposure duration. The proposed equations for tensile strength are listed 
in Table 5. 

 

Figure 12. Relative residual splitting tensile strength with temperature for 1, 2, and 3 h 
exposures 

Table 5. Proposed model for relative residual split tensile strength 

Mixture Model R2 

KFHSC-1 
𝑓𝑡
𝑇

𝑓𝑡
26 = −0,0012𝑇 + 1,1235 0,971 

PHSC-1 
𝑓𝑡
𝑇

𝑓𝑡
26 = −10−6𝑇2 − 0,0001𝑇 + 1,0236 0,981 

KFHSC-3 
𝑓𝑡
𝑇

𝑓𝑡
26 = −9 × 10−7𝑇2 − 0,0003𝑇 + 1,0444 0,974 

PHSC-3 
𝑓𝑡
𝑇

𝑓𝑡
26 = −8 × 10−7𝑇2 − 0,0004𝑇 + 1,0374 0,991 

3.5 Relative residual compressive and split tensile strength of KFHSC and PHSC 

To clarify the strength degradation, Table 6 summarises the residual strength for the 
compressive split tensile strength. 
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Table 6. Relative residual strength of the KFHSC and PHSC with temperature changes 

 Mixture 
Heating 
duration 

(hrs) 

Temperature (°C) 

26 100 200 300 400 600 800 

c
o
m

p
re

s
s
iv

e
 

s
tr

e
n
g
th

 

(k
N

/m
m

2
) 

KFHSC 

1 1,00 1,01 0,86 0,91 0,98 0,52 0,24 

2 1,00 1,02 0,86 0,88 0,92 0,48 0,20 

3 1,00 1,02 0,84 0,86 0,85 0,43 0,17 

PHSC 

1 1,00 1,02 0,87 0,91 0,99 0,63 0,32 

2 1,00 1,02 0,87 0,89 0,93 0,60 0,29 

s
p
lit

 t
e
n
s
ile

 s
tr

e
n
g
th

 

(k
N

/m
m

2
) 

3 1,00 1,02 0,85 0,86 0,85 0,52 0,26 

KFHSC 

1 1,00 1,04 0,94 0,96 0,77 0,50 0,28 

2 1,00 1,02 0,94 0,93 0,74 0,43 0,19 

3 1,00 1,00 0,93 0,83 0,69 0,37 0,13 

PHSC 

1 1,00 1,02 0,94 0,96 0,83 0,55 0,34 

2 1,00 1,02 0,94 0,92 0,79 0,49 0,24 

3 1,00 1,00 0,92 0,87 0,73 0,43 0,19 

3.6 Microstructure 

Figure 13a) and b) show the KFHSC and PHSC before heating. Both mixes were reasonably 
dense, stable, and unaltered at ambient temperature, except for some cracks around the kenaf 
fibres in the KFHSC matrix owing to fibre pull-out, as shown in Figure 13a). For the PHSC, as 
presented in Figure 13b), C-S-H was well formed on the matrices. With increasing temperature 
and exposure duration, the microstructure of the KFHSC matrix underwent a notable 
transformation. Hence, this section discusses the morphological properties of KFHSC 
compared with PHSC for 1, 2, and 3 h exposure at ambient and critical temperatures (400 and 
800 ºC). 

 

Figure 13. Micrograph (100 µm) at room temperature: a) KFHSC, b) PHSC 

3.6.1 Microstructures at 400 ºC for 1, 2, and 3 h exposure 

The microstructure of KFHSC after 1, 2, and 3 h of exposure at 400 ºC is shown in Figure 14 
(a–f). The role of kenaf fibres in matrix cracks and spalling-reduction capability compared with 
PHSC is also shown. For the 1 and 2 h exposures, as shown in Figures 14a) and b) and c) 
and d), no cracks were observed on either matrix at this exposure temperature and duration. 
In the KFHSC matrix, some kenaf fibres were observed, which were considered to provide a 
bridging mechanism and crack mitigation. However, no significant cracks were found in the 
PHSC matrix, except for a few microvoids. This agreed with a previous microstructural study 
[10] on a hemp fibre cementitious composite for 1 h exposure. As shown in Figure 14a) and 
c), although some voids were observed beneath the kenaf fibres, they were not thermally 
induced, but rather resulted from the bridging action of the kenaf fibres during the mixing of the 



Oluwatobi, A. et al. 
Post-fire strengths and morphological properties of high-strength concrete 

reinforced with kenaf fibres 

 

ACAE | 2025, Vol. 16, Issue No. 31 

 

Page | 214  

 

concrete, which also reduced the density of the matrix. Kenaf fibres most likely possessed 
thermal endurance because of the alkaline treatment. This improved the thermal performance 
according to a previous study [11]. C-S-H crystallised in both mixes, which led to an increase 
in the compressive strength measured at this temperature. 
Additionally, the strength increased more by the conversion of the C-S-H gel to crystalline 
phases than by the initial C-S-H gel. Consequently, a denser microstructure was produced by 
a new crystalline segment containing free lime formed during cement hydration. This must 
have been attributed to the increases in the KFHSC and PHSC compressive strengths of 13 
% and 14 % at 400 ºC, respectively, owing to the increased solid volume and bond strength. 
As illustrated in Figure 14e) and f), for 3 h, the kenaf fibre deteriorated, although a few small 
ones might stop cracks from spreading. Nevertheless, some microcracks were observed in 
both the KFHSC and PHSC samples, and the cement paste of the matrix had a long crack 
line, as shown in Figures 14e and f). The autoclaving process in the cement paste became 
ineffective, probably due to the duration, which also affected the strength because the surge 
in compressive strength was only for 1 and 2 h, excluding the 3 h exposure. A long exposure 
duration was observed with no crystallised C-S-H in either matrix; 3 h exposure affected the 
matrices, and the enhancement in the compressive strength of both matrices was marginal. 

 

Figure 14. Micrograph (100 µm) at 400 ºC: a) KFHSC-1H, b) PHSC-1H, c) KFHSC-2H, d) 
PHSC-2H, e) KFHSC-3H, and f) PHSC-3H 
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3.6.2 Microstructures at 800 ºC for 1, 2, and 3 h exposure 

A 'bridging' function was observed from partially deteriorated, shrunk KF at 800 ºC for 1 h 
exposure, as illustrated in Figure 15a). However, here, β-C2S was the result of the second 
stage of CSH breakdown. When the cement paste and aggregates were completely 
dehydrated, the microstructure became more porous and laden with microcracks, leading to 
cement paste shrinkage and aggregate expansion. However, PHSC exhibited more 
microcracks than KFHSC, as shown in Figure 15 (b). This is similar the particle boards 
suggested by Hager [36] as a method to reduce thermal spalling in hot concrete. As observed 
in Figure 15a), the partially deteriorated kenaf fibre might have served as an 'expansion joint.' 
Because of their low thermal conductivity, the heated samples experienced less thermal stress. 
In contrast, the PHSC exhibited persistent aggregate expansion and cement paste shrinkage, 
which led to significant cracks in the sample, as shown in Figure 15b). Additionally, the kenaf 
fibre's contraction at this temperature permitted the passage and release of vapour pressure, 
which in turn reduced the likelihood of spalling caused by the formation of pore pressure. A 
comparable study on jute fibres was reported [12], although the spalling of PHSC was less 
pronounced at this temperature and exposure. 

 

Figure 15. Micrograph (100 µm) at 800 ºC: a) KFHSC-1H, b) PHSC-1H, c) KFHSC-2H, d) 
PHSC-2H, e) KFHSC-3H, and f) PHSC-3H 
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According to Figures 15c) and d), kenaf fibres were fully broken down and produced gaps and 
cracks in the matrix after being exposed for 2 h for both the KFHSC and PHSC. The observed 
crack propagation can be partly attributed to the full dehydration of the matrix. Cavities and 
fissures were observed throughout the PHSC matrix. At this stage, full C-S-H decomposition 
was feasible for KFHSC and PHSC. Figures 15c) and d) show the change of the matrix into 
an amorphous structure, causing more fractures and voids to emerge throughout the concrete 
samples. C-S-H deteriorated. According to Figures 15e) and f), kenaf fibres were fully broken 
down and produced gaps and cracks in the matrix after being exposed for 2 h for the KFHSC 
and PHSC. The observed crack propagation can be partly attributed to the full dehydration of 
the matrix. Cavities and fissures are observed throughout the PHSC matrix. At this stage, full 
C-S-H decomposition was feasible for KFHSC and PHSC. 

4 Conclusions 

After the analysis the following conclusions can be highlighted:  

o Because of the matrix's higher permeability and lower density than those of PHSC, 
KFHSC experienced a significant decrease in weight and UPV upon exposure to 
elevated temperatures and a longer exposure period. 

o KFHSC in a 1 h exposure reached its maximum strength at 300 °C and maintained it 
somewhat until 400 °C. The weakening of the concrete material under thermal stress 
caused more KFHSC compressive strength loss than the degrading impact caused by 
the fibres. 

o In terms of residual splitting tensile strength, the KFHSC samples behaved relatively 
well with the PHSC samples before 400 ºC, with a significant ductile failure mode for 
the cube and cylindrical samples, as opposed to the PHSC samples that failed 
unexpectedly. 

o The morphological images agreed closely with the strength characteristics. During the 
1 h fire exposure for KFHSC, up to 400 ºC, the kenaf fibre still successfully reduced the 
crack propagation and thermal incompatibility of the aggregate and cement paste within 
the matrix, which was an advantage over PHSC samples. Additionally, for the 2 h 
exposure, this bridging mechanism was maintained until 400 ºC before the matrix 
completely deteriorated. For a 3 h exposure, the material deterioration began at 400 ºC 
and continued until 800 ºC, with a significant 'coarsening effect' on the matrices of both 
mixes at this temperature, both matrices changed from the crystalline to the amorphous 
phase. 

o Based on these discoveries, for an ideal fibre volume fraction of 9 kg/m3, the application 
of KFHSC should not be exposed to a temperature exceeding 400 ºC for 3 h exposures. 

o Based on microstructural studies, kenaf fibres are advantageous for HSC subjected to 
high temperatures. In addition to its ability to prevent cracks, the post-cracking stress 
distribution mitigates the effects of thermal strain caused by the incompatibility of 
hardened cement paste and aggregates, particularly during the low-temperature 
phase. 
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