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Abstract

temperatures

The use of natural fibres as concrete reinforcement has gained increasing attention due to their environmental ben-
efits, renewability, and cost-effectiveness. This study investigates the post-fire mechanical behaviour of concrete rein-
forced with Phragmites australis fibres (PAF), a locally available and sustainable material. Concrete mixes containing
0%, 0.5%, 1%, 1.5%, and 2% fibre volume fractions were exposed to temperatures up to 600 °C for 2 h to simulate fire
conditions. The effects of fibre content and temperature were assessed through measurements of slump, compres-
sive strength, splitting tensile strength, flexural strength, and ultrasonic pulse velocity (UPV). Results showed that PAF-
reinforced concrete retained considerable strength and integrity up to 400 °C, with a pronounced reduction observed
at 600 °C due to fibre degradation and microcrack propagation. Regression models developed from the experimental
data demonstrated strong correlations between fibre dosage, temperature, and residual mechanical properties. The
analysis identified an optimal fibre content between 0.5% and 1%, which provided the best balance between thermal
stability and mechanical performance. These findings highlight the potential of Phragmites australis fibres as an effec-
tive and sustainable reinforcement for improving the fire resistance of concrete structures.
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1 Introduction

Concrete structures are often exposed to elevated tem-
peratures during fire incidents, which can significantly
compromise their mechanical and durability proper-
ties (Altunisik et al., 2023; Amer et al., 2023; Chun et al,,
2022). Under such conditions, concrete undergoes a
series of physicochemical changes, including moisture
evaporation, thermal incompatibility between aggre-
gates and cement paste, and the formation of microc-
racks all of which result in reduced strength and stiffness
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(Zalhaf et al., 2024; Zalhaf, 2025). These transformations
pose serious concerns for structural safety, especially in
critical infrastructure and high-performance buildings
(Eng & Kim, 2025; Lee et al., 2025). One widely adopted
approach to mitigate thermal degradation and improve
the fire resistance of concrete is the incorporation of
fibres (Han et al., 2024; Zhao et al., 2025). Fibres can help
delay crack formation, control crack propagation, and
reduce the risk of explosive spalling by improving pore
connectivity and dissipating thermal stresses (Abdallah
et al, 2017; Alsaif & Abbas, 2025; Liang et al., 2025).
Various synthetic and metallic fibres have demon-
strated such benefits under elevated temperatures. For
instance, Hung et al. (2024) reported that UHPC rein-
forced with hybrid steel and polypropylene fibres main-
tained tensile strain-hardening behaviour up to 700 °C
and showed increased strength up to 300 °C despite
microstructural degradation at higher temperatures.
Polypropylene fibres effectively mitigated spalling above
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300 °C by creating microchannels for pressure release,
although they slightly increased porosity and water
absorption. Noumowe (2005) also found that adding
1.8% polypropylene fibres improved both compressive
and tensile strengths of concrete at 200 °C. Similarly,
Gencel et al. (2022) observed strength gains in concrete
with 3% basalt fibres after exposure to 800 °C. Amin et al.
(2020) reported up to a 76% improvement in compressive
strength of lightweight concrete when reinforced with
glass and polypropylene fibres at 400 °C. Furthermore,
Talaei and Mostofnejad (2021) noted that steel fibres
could enhance residual compressive strength by 20-30%
at 400 °C and 800 °C, respectively. In parallel, increas-
ing attention has been directed toward the use of natural
(bio-based) fibres in concrete due to their low environ-
mental impact, renewability, and affordability. Fibres
such as coir, sisal, jute, hemp, and flax have been shown
to enhance tensile and flexural properties and reduce
thermal-induced spalling. Aluko et al. (2020) demon-
strated that lignocellulosic natural fibres contributed to
improved thermal performance and reduced spalling in
ultra-high-performance concrete (UHPC). Zhang et al.
(2020), exploring jute fibre as an alternative to polypro-
pylene in thermally exposed UHPC, observed improved
compressive strength at 200 °C, but a significant decline
at temperatures exceeding 400 °C. Their findings also
highlighted the fibre shrinkage under heat, which altered
the microstructure and permeability of the composite.
Ozawa et al. (2016) reported that while jute-reinforced
high-strength concrete (HSC) initially showed strength
reductions at 100 °C, it recovered full strength by 200—
300 °C, and prevented explosive spalling.

However, natural fibres’ performance under heat is
highly variable due to their heterogeneous structure and
sensitivity to degradation (Elfaleh et al., 2023; Thomason
& Rudeiros-Fernandez, 2021). Unlike steel or synthetic
fibres, the mechanical stability of bio-fibres under ther-
mal stress cannot be predicted reliably. Their behaviour
is affected by several parameters, including fibre type,
dosage, treatment method, matrix composition, aggre-
gate type, and environmental exposure conditions, such
as heating rate and cooling regime (Aluko et al., 2020).
Moreover, fibre-matrix bonding plays a crucial role in
determining the effectiveness of fibre reinforcement
at elevated temperatures. Alkali treatment (e.g., using
NaOH) is a commonly used method to enhance fibre—
matrix interaction by removing amorphous materi-
als, such as hemicellulose and lignin, increasing surface
roughness, and improving thermal stability (Dash et al.,
2023; Elfaleh et al., 2023; Ye et al., 2018).

Despite growing interest in natural fibre-reinforced
concrete (NFRC), there remains limited informa-
tion on the thermal properties and high-temperature
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performance of Phragmites australis (common reed)
fibres in cementitious composites. Phragmites australis
(PA) is an abundant and fast-growing plant found along
riverbanks and wetlands worldwide (Khatib, Jamal et al.,
2023; Khatib, Jamal M. et al., 2023). In contrast to tradi-
tional natural fibres such as jute, coir, or sisal, Phragmites
australis (PA) fibres have a unique hollow structure and a
comparatively elevated silica content, potentially improv-
ing their thermal stability and crack-bridging ability
(Khatib, Jamal et al., 2024). These characteristics enhance
post-cracking energy absorption and may mitigate the
danger of explosive spalling at increased temperatures.
Furthermore, PA fibres have a favourable response to
alkali treatment (e.g., NaOH), enhancing fibre—matrix
adhesion by augmenting surface roughness and eliminat-
ing amorphous constituents. This improved interfacial
contact enhances mechanical performance, especially in
tensile and flexural applications (Abdallah et al., 2025). Its
widespread availability and biodegradability make it an
appealing candidate for sustainable construction materi-
als (Khatib, Jamal et al., 2024; Shon et al., 2019).

While a few studies (Durant et al., 2020; Khatib, Jamal
M. et al, 2023a, 2023b; Khatib, Jamal et al., 2024; Shon
et al., 2019) have explored the mechanical benefits of PA
fibres under ambient conditions, little is known about their
performance when exposed to elevated temperatures. This
knowledge gap is particularly important given the unpre-
dictable degradation behaviour of bio-fibres under heat
(Aluko et al., 2020). Understanding the residual mechani-
cal properties of PAF-reinforced concrete after thermal
exposure is essential for developing effective, eco-friendly
alternatives to traditional fire-resistant materials.

This study investigates the post-heating mechani-
cal behaviour of concrete reinforced with alkali-treated
Phragmites australis fibres. The properties evaluated
include slump, compressive strength, splitting tensile
strength, flexural strength, and ultrasonic pulse velocity
(UPV), both before and after exposure to temperatures
up to 600 °C. The results offer insights into the feasibility
of using PA fibres to enhance the fire resilience of con-
crete while promoting sustainable material use.

2 Experimental Program

2.1 Materials

2.1.1 Cement

Ordinary Portland Cement (OPC), classified as CEM I
42.5R, was used as the primary binder. It had a specific
gravity of approximately 3.15 and a Blaine fineness of
386 m?/kg. This type of cement is suitable for structural
applications due to its high early strength and compat-
ibility with various aggregates and additives.
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2.1.2 Fine and Coarse Aggregates

Clean, natural river sand with a fineness modulus of 2.6
and a specific gravity of 2.63 was employed as the fine
aggregate. The sand was thoroughly washed to remove
silt, clay, and organic impurities and met the grading
requirements of ASTM C33 (Standard, 2018). The coarse
aggregate consisted of crushed gravel with a nominal
maximum size of 12.5 mm, specific gravity of 2.70, and
an aggregate crushing value below 30%, indicating good
mechanical performance. It was also in compliance with
ASTM C33 standards.

2.1.3 Phragmites Australis Fibres (PAF)

Fibres were extracted from mature Phragmites australis
plants collected along the Euphrates River. Figure 1 illus-
trates the sequential stages of fibre preparation, includ-
ing harvesting, cutting, treatment, and drying. After
air-drying, the stems were chopped using a mechani-
cal cutter into segments of 40-50 mm in length, deter-
mined through preliminary tests as optimal for concrete
reinforcement. This length balances fibre dispersion with
effective crack-bridging capability.

2.2 Fibre Treatment

To improve fibre—matrix adhesion, an alkaline treat-
ment was conducted. The PAF were immersed in a 1%
sodium hydroxide (NaOH) solution for 24 h at room
temperature. This process removed hemicellulose, waxes,

PA Harvesting
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and surface impurities and enhanced surface roughness.
Fibres were then thoroughly rinsed with clean water until
a neutral pH was achieved and oven-dried at 60 °C for
24 h, as shown in Fig. 1.

2.3 Mix Proportions

A control concrete mix targeting a 28-day compres-
sive strength of 40 MPa was designed with a con-
stant water-to-cement (w/c) ratio of 0.50. Table 1
presents the mix proportions. PAF were added in vary-
ing amounts: 0% (control), 0.5%, 1.0%, 1.5%, and 2.0%
by volume fraction. No chemical admixtures were used,
ensuring that the fibres’ influence on workability and
mechanical performance could be clearly assessed. The
selection of fibre contents was based on prior studies
by (Khatib, Jamal et al., 2024; Ramadan et al., 2023)

Table 1 Concrete mix proportions of all mixes

Mix ID Fibre Cement Fine Coarse Water
Content aggregate aggregate
(kg/m3)

PAO 0.00 375 795 970 185

PAO5 333 375 795 970 185

PA1.0  6.65 375 795 970 185

PA15 998 375 795 970 185

PA20 13.28 375 795 970 185

PA chopped off

- s kYN
Fig. 1 Process of preparing Phragmites australis fibres (PAF) for concrete reinforcement: from natural harvesting along riverbanks, drying
and chopping, to alkaline treatment with NaOH, rinsing, and final drying before incorporation into the concrete mix
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indicating that contents above 2% can lead to severe
reductions in workability and mechanical integrity due
to fibre clustering and air entrapment. All raw materials
were batched by weight and converted to volume using
respective specific gravities. The fresh concrete densi-
ties ranged from 2100 to 2400 kg/m?>.

2.4 Mixing Procedure

Mixing was carried out using a 60-L tilting pan mixer.
Dry materials (cement, sand, and gravel) were first mixed
for 1 min. Then, 75% of the total mixing water was gradu-
ally added over 1 min, followed by 2 min of continuous
mixing. The pre-measured fibres were slowly introduced,
followed by the remaining 25% of water, and mixed for an
additional 2 min to ensure even distribution. Mixes with
higher fibre contents (1.5% and 2%) exhibited noticeably
reduced workability but remained sufficiently cohesive
for placement with mechanical vibration.

2.5 Specimen Preparation and Curing

The specimens were produced in compliance with the
ASTM and BS standards. Compressive strength was
assessed using 100 mm cube specimens in accordance
with BS EN 12390-3:2009 (EN, 2009), evaluated at cur-
ing ages of 7, 14, and 28 days. Flexural strength was con-
ducted on 100X 100Xx500 mm prisms using four-point
bending in line with (BS EN 12390-5, 2009), while split-
ting tensile strength was determined on 150X 300 mm
cylindrical specimens following ASTM C496-11 (Ameri-
can Society for Testing and Materials. Committee C-9
on Concrete and Concrete Aggregates, 2011). Moulds
were filled in stages and compressed on a vibrating table
for around 15-20 s each layer to achieve homogeneous
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consolidation. After casting, specimens were covered
with plastic sheets for 24 h, demoulded, and then cured in
water at 23 +2 °C until testing. In summary, all mechani-
cal tests employed standard specimen sizes 100 mm
cubes for compressive strength, 150300 mm cylinders
for splitting tensile strength, and 100x100x500 mm
prisms for flexural strength with dimensional tolerances
maintained within + 2 mm in accordance with the respec-
tive standards. Each reported value represents the mean
of three identical specimens.

2.6 Heating Scheme

To assess the post-heating mechanical behaviour of the
concrete mixes, a controlled heating regime was applied
to selected specimens. After 28 days of standard water
curing, the specimens were dried at ambient conditions
for 24 h to minimize thermal shock. They were then
placed in a programmable muffle furnace, as shown in
Fig. 2. The temperature was increased at a steady rate
of 5 °C per minute until target temperatures of 200 °C,
400 °C, and 600 °C were reached (Fig. 3). Each target
temperature was held constant for 2 h to ensure uniform
thermal exposure. A set of specimens was retained at
ambient laboratory temperature to serve as a reference
group for comparison. After heating, all specimens were
allowed to cool gradually in the furnace to avoid rapid
thermal contraction, then tested for mechanical prop-
erties within 24 h. This heating scheme was designed to
simulate realistic fire exposure scenarios and assess the
thermal stability of concrete reinforced with Phragmites
australis fibres.
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Fig. 3 Temperature-time curves recorded during the furnace heating process

3 Results and Discussion
3.1 Fresh Properties
The slump test results of the control mix (PA0%) and
concrete mixes containing Phragmites australis fibres
(PAF) are presented in Fig. 4. The findings of the slump
test showed a definite negative correlation between the
workability of concrete and the amount of Phragmites
australis fibre (PAF). With the maximum slump value of
7.5 c¢m, the fibre-free control mix (CM) demonstrated
exceptional workability. The droop somewhat diminished
to 7.3 cm upon the addition of PAF at 0.5%, indicating a
negligible effect on fresh characteristics. The slump val-
ues gradually decreased to 6.8 cm, 6.4 c¢cm, and 5.7 cm,
respectively, as the fibre content rose to 1%, 1.5%, and 2%.
A number of issues related to the incorporation of
natural fibres can be justified for this decrease in work-
ability. First, the mix’s capacity to compress and set-
tle under its own weight is restricted by the fibrous
network’s increased internal friction and flow resistance.
Furthermore, PAF’s high water absorption capacity and
surface roughness, may further diminish free water in
the mixture, giving it a stiffer consistency. These results
are in line with patterns shown in earlier research on
various natural fibres, including flax, jute, hemp, and
coir (e.g.,Abdalla et al., 2023; Chen et al., 2023; Islam &

Ahmed, 2018; Mohammed et al., 2024), where a higher
fibre content resulted in less slump and increased com-
paction sensitivity.

All mixes retained enough workability for casting,
especially with mechanical vibration, even if slump
decreased. This suggests that PAF may be added to con-
crete at reasonable doses (<1.5%) without the need for
chemical admixtures. Workability, however, can become
a limiting issue at higher fibre percentages (2%), neces-
sitating changes to the mix design or the addition of
plasticisers.

3.2 Hardened Properties
3.2.1 Mass Loss
The mass loss results of concrete specimens reinforced
with varying contents of Phragmites australis fibres (PAF)
exposed to elevated temperatures (200-600 °C) indi-
cate a clear temperature-dependent trend (see Fig. 5). At
200 °C, all mixes exhibited relatively low mass loss, with
PA0.5% showing the highest (3.51%) and PA1% the lowest
(1.34%), suggesting some moisture evaporation and ini-
tial organic degradation. Similar trend was observed by
(Mihoub et al., 2020).

At 400 °C, mass loss increased significantly across all
mixes due to decomposition of hydration products and
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Fig. 4 Average slump values of concrete mixes with varying PAF contents

fibre degradation. PAO (7.78%) had the highest loss, while
mixes with PAF especially PA1.5% and PA2% exhibited
lower values (5.39% and 5.54%, respectively), indicating
that fibre inclusion may help reduce thermal decompo-
sition and moisture escape at this temperature. These
results are consistent with those of concrete incorporat-
ing Spanish broom and hemp fibres reported by (Juradin
et al,, 2021; Netinger Grubesa et al., 2018).

At 600 °C, the trend continued with further increases
in mass loss, though at a slower rate. Again, PAO had the
highest loss (9.26%), while fibre-reinforced mixes such
as PA1.5% (6.66%) and PA2% (6.18%) showed improved
thermal stability. Overall, the inclusion of PAF reduced
mass loss at higher temperatures, particularly at 400 °C
and 600 °C, likely due to their contribution to matrix
densification and delayed thermal degradation.

3.2.2 Compressive Strength

The compressive strength of concrete mixes incorpo-
rating different volume fractions of Phragmites austra-
lis fibres (PAF) was evaluated after exposure to elevated
temperatures of 200 °C, 400 °C, and 600 °C, in addi-
tion to ambient conditions (23 °C), as shown in Fig. 6.
The results reveal clear trends in the thermal degrada-
tion of concrete with varying fibre contents. At ambient

temperature (23 °C), the control mix (PA0) without fibres
exhibited the highest compressive strength at 43 MPa.
As fibre content increased, the strength declined pro-
gressively. The 0.5% PAF mix maintained a relatively
high value of 39 MPa, while the 1% mix reached 36 MPa.
However, the compressive strength dropped more nota-
bly in mixes with 1.5% and 2% fibre content, reaching
28 MPa and 25 MPa, respectively. This reduction is likely
due to the challenges associated with fibre dispersion,
such as agglomeration and increased porosity, which can
adversely affect the concrete’s internal matrix.

Following exposure to 200 °C, a general decrease in
compressive strength was observed across all mixes
(Fig. 6). The control mix (PAO) showed a slight reduc-
tion to 41 MPa, retaining approximately 95% of its origi-
nal strength, suggesting good thermal stability at this
moderate temperature. Mixes containing fibres exhib-
ited a more noticeable drop: the 0.5% and 1% PAF mixes
reduced to 33 MPa and 31 MPa, respectively. In contrast,
the 1.5% and 2% mixes showed lower values of 26 MPa
and 23 MPa. While these fibre-reinforced mixes still
retained reasonable strength, the data suggest that mod-
erate fibre inclusion (0.5-1%) may be optimal for main-
taining mechanical integrity under moderate thermal
exposure.
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Fig. 5 Average mass loss of concrete mixes with different PAF contents after exposure to 200-600 °C

At 400 °C, the extent of thermal degradation became
more pronounced. The control mix dropped further to
37 MPa, indicating a 14% loss from its ambient value. The
fibre-reinforced mixes experienced greater reductions,
particularly the 0.5% and 1% mixes, which converged
at approximately 27-28 MPa. The 1.5% and 2% mixes
decreased further to 22 MPa and 20 MPa, respectively.
These findings reinforce the notion that fibre content
beyond 1% can lead to accelerated matrix deterioration
under elevated temperatures, likely due to increased
microcracking and poor compaction associated with
higher fibre volumes. This is consistent with the find-
ings reported by (Netinger Grubesa et al., 2018) on hemp
fibres within the same temperature range.

When exposed to 600 °C, all mixes experienced signifi-
cant strength loss. The control mix reduced to 27 MPa,
indicating a 37% drop from its original strength. Fibre-
reinforced mixes were more affected, particularly at
higher fibre volumes. The 0.5% PAF mix retained the
highest residual strength among fibre mixes at 24 MPa,
while the 2% PAF mix dropped drastically to 13 MPa. The
trend suggests that although small quantities of PAF may
offer some resistance to thermal cracking and spalling,
excessive fibre content likely promotes charring, internal

void formation, and structural weakening of the matrix
under high-temperature exposure.

To better compare the performance trends, compres-
sive strengths were normalized against their respective
ambient values (see Fig. 7). The control mix without
fibres (PAO) retained the highest proportion of its origi-
nal strength at all temperature levels. At 200 °C, PAO
retained approximately 95.3% of its ambient strength,
while further degradation occurred at 400 °C and 600 °C,
dropping to 86.0% and 62.8%, respectively. This steady
decline reflects the expected thermal degradation of
unreinforced concrete but indicates relatively stable per-
formance compared to fibre-reinforced mixes.

Among the PAF-reinforced concretes, the results at
200 °C revealed that mixes with 1.5% and 2% fibre con-
tent exhibited slightly higher residual strength (92.9%
and 92.0%, respectively) than the mixes with 0.5% and 1%
fibres (84.6% and 86.1%). This trend may suggest that at
moderate heating, higher fibre contents initially contrib-
ute positively by enhancing the matrix’s crack-bridging
capacity and reducing thermal microcracking.

However, at 400 °C, the performance of the fibre-rein-
forced mixes declined more noticeably. The PA0.5% mix
showed the largest reduction, retaining only 69.2% of its
original strength, while the PA2% mix performed slightly
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Fig. 6 Average compressive strength of concrete mixes with varying volumes of (PAF) after exposure to elevated temperatures

better, maintaining 80% of its strength. Mixes with 1%
and 1.5% fibres fell in between, retaining 77.8% and
78.6% of their initial strength, respectively. At 600 °C, a
considerable reduction in strength was observed across
all mixes. The control mix retained 62.8% of its original
strength, outperforming all fibre-containing mixes. The
lowest residual strength was recorded for the PA2% mix
at 52%, followed by PA1.5% at 57.1%. Interestingly, mod-
erate fibre dosages (0.5% and 1%) performed compara-
tively better under this extreme condition, with residual
strengths of 61.5% and 58.3%, respectively. These obser-
vations are consistent with the findings reported ) for
specimens reinforced with a hybrid combination of jute
and sisal with steel fibres.

3.2.3 Splitting Tensile Strength

The splitting tensile strength of concrete mixes incorpo-
rating different volume fractions of Phragmites australis
fibres (PAF) was evaluated under ambient conditions and
after exposure to 200 °C, 400 °C, and 600 °C, as shown in
Fig. 8. At ambient temperature (23 °C), the control mix
(PAO) achieved a tensile strength of 2.81 MPa. Interest-
ingly, the mix containing 0.5% PAF outperformed all oth-
ers with a strength of 2.94 MPa, suggesting that a small
addition of fibres enhances crack-bridging capacity

and resists splitting failure. However, as fibre content
increased beyond 0.5%, tensile strength declined pro-
gressively to 2.52 MPa (PA1%), 2.45 MPa (PA1.5%), and
2.03 MPa (PA2%). This reduction is likely due to fibre
clumping, poor dispersion, and weak fibre—matrix bond-
ing at higher fibre volumes.

At 200 °C, all mixes showed only a slight decrease in
tensile strength. The control mix dropped marginally
to 2.75 MPa (a 2.1% reduction), while the PAF mixes
showed a consistent but mild decrease, maintaining ten-
sile strengths of 2.82 MPa (PA0.5%), 2.42 MPa (PA1%),
2.41 MPa (PA1.5%), and 1.95 MPa (PA2%). These results
suggest that PAF-reinforced mixes, especially those with
lower fibre content, retain tensile strength effectively
under moderate thermal exposure.

Upon exposure to 400 °C, the strength degrada-
tion became more evident. The control mix declined to
2.61 MPa, while PA0.5% showed better retention with a
value of 2.75 MPa. In contrast, mixes with 1%, 1.5%, and
2% PAF dropped to 2.10 MPa, 1.98 MPa, and 1.64 MPa,
respectively. These results reflect that higher fibre con-
tent may not contribute positively to tensile capacity
under sustained thermal stress due to degradation of
organic fibres, loss of interfacial adhesion, and increased
porosity.
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At 600 °C, all mixes experienced significant deteriora-
tion in tensile strength. The control mix retained only
1.35 MPa, a 52% loss from its original strength. Similarly,
the PAF mixes recorded 1.56 MPa (PA0.5%), 1.25 MPa
(PA1%), 1.22 MPa (PA1.5%), and 1.11 MPa (PA2%).
Despite the overall reduction, the 0.5% PAF mix demon-
strated the highest residual strength among all, maintain-
ing approximately 53% of its initial value which slightly
higher than even the control. This may be attributed to
fibre bridging and microcrack confinement at this mod-
erate dosage, which helped preserve internal integrity
under heat (Fig. 9).

When the tensile strength results were normalized rel-
ative to their respective ambient values, a similar trend
was observed (Fig. 10). At 600 °C, the PA0.5% mix exhib-
ited the highest normalized strength (0.53), followed by
PA2% (0.55), PA1% (0.50), PA1.5% (0.50), and the control
mix (0.48). These findings indicate that at extreme tem-
peratures, small fibre inclusions (particularly 0.5%) may
aid in mitigating the adverse effects of thermal exposure
on tensile behaviour, while excessive fibre volumes offer
no additional benefit and may even accelerate degra-
dation. Pineapple fibres exhibited a similar trend, with
tensile strength gradually decreasing as the temperature
increased. The reduction was modest up to 400 °C, but

a sharp decline of approximately 75% was observed at
600 °C (Mathew & Paul, 2017).

The post-test surface examination of cylindrical con-
crete specimens reinforced with Phragmites australis
fibres (PAF) revealed distinct changes in crack patterns,
fibre distribution, pull-out behaviour, and surface col-
oration with increasing exposure temperatures as shown
in Fig. 11. These visual cues offer valuable insights into
the thermal degradation process and the role of fibres in
resisting splitting failure under elevated temperatures.

At 200 °C, all specimens maintained relatively uni-
form surfaces with visible fibre pull-out, particularly in
mixes containing 0.5% and 1.0% fibres. The fibre distribu-
tion appeared uniform, and some fibres were still clearly
embedded across the crack planes, indicating strong
mechanical interlock and effective stress transfer. The
surface colour remained light grey with minimal discol-
oration, and the cracks were narrow and primarily verti-
cal. Fibre bridging was evident, particularly in the PA0.5
and PA1.0 mixes, which helped control crack width and
delayed macro-crack formation.

At 400 °C, the surface colour began to shift toward a
light red, indicating the onset of thermal degradation of
the cement matrix and organic components of the fibres.
Fibre pull-out marks were more pronounced, especially
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Fig. 8 Average splitting tensile strength of PAF-reinforced concrete at ambient and elevated temperatures

Fig. 9 No agglomeration of PAF at (0.5%), indicating uniform fibre dispersion within the mix
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in the PA1.5 and PA2.0 mixes, suggesting fibre—matrix
bond weakening. The distribution of fibres became less
uniform at higher dosages, with visible clustering in the
PA2.0 mix (see Fig. 11). Cracks widened and began to
branch, but some residual fibre bridging was still appar-
ent, particularly in the lower fibre content mixes. The
fibres themselves started to lose their natural colour,
showing signs of partial colour change.

At 600 °C, the surfaces exhibited remarkable deteriora-
tion. A light to dark red colouration was observed across
all fibre-reinforced mixes, indicating substantial car-
bonization and thermal decomposition of the fibres. The
cracks became wider, deeper, and more irregular, extend-
ing radially in some cases. Fibre remnants were mostly
charred, and pull-out was minimal, indicating that the
fibres had largely lost their structural contribution. In
mixes with higher fibre content (PA1.5 and PA2.0), fibre
clumping and poor dispersion became evident (see
Fig. 12), which contributed to uneven crack develop-
ment and localized matrix degradation. Surface scaling
and delamination were also visible, particularly in the
PA2.0 mix, reflecting internal steam pressure and loss of
cohesion.

3.2.4 Flexural Strength

The flexural strength of concrete mixes with varying con-
tents of Phragmites australis fibres (PAF) was assessed
under ambient conditions and after thermal exposure
to 200 °C, 400 °C, and 600 °C (see Fig. 13). At ambient
temperature (23 °C), the control mix (PAO) achieved a
flexural strength of 7.85 MPa. The addition of 0.5% PAF
resulted in a substantial increase to 9.65 MPa represent-
ing the peak performance among all mixes. This enhance-
ment is attributed to effective fibre bridging across cracks
and the improved energy absorption capacity introduced
by low fibre content. The 1% and 1.5% mixes also showed
good strength (9.05 MPa and 8.22 MPa, respectively),
while the 2% PAF mix recorded a significant drop to
6.10 MPa, likely due to poor workability, fibre clumping,
and entrapped air that reduced structural integrity which
is similar to what observed in Fig. 12.

At 200 °C, the reduction in flexural strength was mod-
est for all mixes. The control mix declined slightly to
7.65 MPa, while the 0.5% PAF mix retained 8.99 MPa.
Similarly, the 1% and 1.5% mixes recorded strengths of
8.66 MPa and 8.01 MPa, respectively. The 2% PAF mix
dropped slightly to 5.89 MPa. These results show that
fibre-reinforced concrete, particularly at 0.5-1% con-
tent, maintains high crack resistance under mild thermal
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Fig. 11 Post-test surfaces showing crack patterns, fibre pull-out, and colour changes in PAF-reinforced concrete at 200-600 °C
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Fig. 12 Fibre’s clustering observed at higher PAF content (2%), indicating poor dispersion
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Fig. 13 Average flexural strength performance of concrete containing Phragmites australis fibres subjected to elevated exposure
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exposure. The fibre’s bridging action seems to remain
effective at this temperature, delaying crack propagation
and reducing the rate of strength deterioration.

When the temperature increased to 400 °C, further
reductions were observed. The control mix decreased
to 7.10 MPa, while the 0.5% and 1% mixes recorded
8.55 MPa and 8.23 MPa, respectively. Mixes with higher
fibre content (1.5% and 2%) dropped to 7.68 MPa and
5.29 MPa, respectively. Although a downward trend was
evident, the residual flexural strength remained relatively
high for 0.5-1% mixes, suggesting that these fibre vol-
umes can still contribute effectively to flexural toughness
even at elevated thermal stress levels.

At 600 °C, all mixes showed marked deterioration in
flexural strength. The control mix decreased to 4.78 MPa,
indicating a 39% reduction. The 0.5% PAF mix dropped
to 5.45 MPa, while the 1% and 1.5% mixes recorded
4.93 MPa and 4.47 MPa, respectively. Interestingly, the
2% PAF mix, although initially the weakest, retained
3.85 MPa, which translates to a slightly higher normal-
ized retention (63%) than other mixes at this tempera-
ture. This may reflect the insulating effect of densely
packed fibres that, despite reducing initial strength, may
help retard heat penetration and delay degradation of the
cement matrix. Nevertheless, the absolute values confirm
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that lower fibre dosages still perform better under com-
bined mechanical and thermal stresses. A similar trend
was observed with coir fibres, as reported by (Othuman
Mydin et al., 2019).

Normalized flexural strength values reinforce this trend
(Fig. 14). At 200 °C and 400 °C, mixes with 0.5% and 1%
fibres retained more than 88% of their original flexural
strength. However, beyond 400 °C, all mixes experienced
significant degradation, with the control mix retaining
60.9% of its original value and the fibre-reinforced mixes
ranging from 54.4% to 63.1%. The 2% PAF mix showed
unexpectedly higher relative retention at 600 °C, though
it still remained the weakest in absolute strength. These
results align with those reported for the combination of
micro straight steel fibres (MSS), macro hooked-end steel
fibres (MHS), and micro jute fibres (M]) as reported by
(Ridha, 2024).

3.2.5 Ultrasonic Pulse Velocity (UPV)

The UPV test results provide insight into the internal
integrity and homogeneity of concrete after exposure to
elevated temperatures. At ambient temperature (23 °C),
the control mix (PAF0%) exhibited the highest pulse
velocity of 4.65 km/s, indicating excellent compactness
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Fig. 14 Normalized flexural strength of concrete incorporating PAF fibres exposed to elevated temperatures
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Fig. 15 Average ultrasonic Pulse Velocity (UPV) test results for PAF-reinforced concrete after heating to different temperature levels

and continuity of the concrete matrix (see Fig. 15). As
PAF content increased, a gradual decline in UPV val-
ues was observed dropping to 4.44 km/s for 0.5% PAF,
4.20 km/s for 1% PAF, and reaching 4.00 km/s at 2% PAF.
This decline suggests that the incorporation of fibres
slightly disrupted the internal matrix continuity, possi-
bly due to fibre clustering and entrapped air, especially at
higher fibre volumes.

After exposure to 200 °C, all mixes showed a minor
reduction in UPV, consistent with early stage microcrack-
ing and matrix dehydration. The control mix dropped
slightly to 4.56 km/s, while fibre-reinforced mixes ranged
from 4.24 km/s (0.5% PAF) to 3.85 km/s (2% PAF). The
relatively moderate decrease at this stage indicates that
the structural network remained largely intact, particu-
larly for low fibre dosages.

At 400 °C, a more pronounced decline in UPV was
observed across all mixes. The control mix dropped
to 3.40 km/s, and mixes with PAF saw values between
3.12 km/s (0.5% PAF) and 2.84 km/s (2% PAF). This sug-
gests significant internal cracking, increased porosity, and
possible fibre degradation, leading to acoustic discon-
tinuities within the matrix. Notably, mixes with higher
fibre content (1.5% and 2%) showed sharper reductions,

reflecting poorer heat resistance and increased matrix
deterioration.

At 600 °C, UPV values reached their lowest for all
mixes, with the control mix recording 3.05 km/s and
the 2% PAF mix falling to just 2.65 km/s. These low val-
ues indicate substantial microstructural damage, likely
caused by intense thermal stresses, fibre charring, and
breakdown of the cementitious bonds. The decrease in
UPV was more severe in fibre-reinforced mixes com-
pared to the control, which may reflect additional poros-
ity introduced by the burned-out organic fibres and
disrupted matrix—fibre interfacial zones.

Overall, UPV test results reveal that while PAF can
enhance certain mechanical properties, higher fibre con-
tents (>1.5%) may compromise the internal quality of
concrete, particularly after exposure to high tempera-
tures. The results also highlight the importance of opti-
mizing fibre volume to balance strength and durability
without sacrificing matrix integrity. The declining UPV
trend with increasing temperature confirms that thermal
exposure induces progressive microstructural degrada-
tion in both plain and fibre-reinforced concretes.
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3.3 Regression Analysis of Normalized Residual Strengths
To quantify the degradation in mechanical properties
of Phragmites australis fibre-reinforced concrete
(PAFRC) after exposure to elevated temperatures, lin-
ear regression models were developed for the normal-
ized residual strengths (i.e., the ratio of residual to

original strength) of compressive strength <jj,%,>, split-
ting tensile strength (}%), and flexural strength (JJ%)
The normalized values were plotted against tempera-
ture, and best-fit linear equations were generated for
each fibre content (0-2%) (Figs. 16, 17, 18). These
regression models provide simplified predictive tools to
estimate the remaining mechanical performance of the
concrete as a function of temperature. To evaluate the
thermal degradation behaviour of Phragmites australis
fibre-reinforced concrete (PAFRC), linear regression

models were developed to relate the normalized resid-

ual mechanical strengths compressive ({Ti), splitting

tensile (j][i,), and flexural strength (jf;f,) to exposure tem-
t f

perature. Normalized strength values were plotted as a
function of temperature for all fibre contents (0-2%),
and best-fit linear equations were obtained (Figs. 16,
17, 18). These models provide practical predictive
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relationships for estimating the retained mechanical
performance of PAFRC subjected to temperatures
between 23 °C and 600 °C. The general form of the
regression expression is:

f T o o
JT’:a_b 1000 ,23°C < T <600°C (1)
where:

« f/fis the normalized strength (compressive, tensile,
or flexural),

+ T is the exposure temperature in degrees Celsius,

+ a and b are regression coefficients derived from
empirical data,

+ R?is the coefficient of determination indicating the
goodness of fit.

3.3.1 Compressive Strength

The compressive strength data revealed that the strength
degradation with increasing temperature followed a lin-
ear trend for all mixes. The control mix (PAQ) exhibited
the steepest slope, indicating greater sensitivity to tem-
perature rise. As fibre content increased, the intercepts
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Fig. 16 Compressive strength vs. temperature (200-600 °C) for mixes with varying PAF content. Linear trends show strength loss with increasing

temperature
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Splitting Tensile Strength vs. Temperature (200-600 °C)

3.00f ~< ® PAD Data
S Nal -== PAO Fit
PO e PA0.5% Data
~ - ;
L e S ° -—- PA0.5% Fit
215 . ~< S
TNl el ® PA1% Data
- i . -—- PA1% Fit
-~ S
S 250 A< T PA1.5% Data
= e BTN i | PA1.5% Fit
% ~\~\\ Saa \\\\ ° PA2% Data
-~ e W
c 2.25¢ e~ B = -==- PA2% Fit
g S Seo N
+ g 8 Way S
) B o Sso gl T
v S S~o T ae
% 2000 sl S S~ a T
€ | 0 T Yeea ~ ~. .
i i S~ el T
2 175+ e T S ~-
S S s ~
-~ - I ~
I NS, FORURSRR: SDUVORPNE NNPORPOURIDS. ROSRA (... S b
Riian T \‘\‘
L e S S S T
‘.
200 250 300 350 400 450 500 550 600

Temperature (°C)

Fig. 17 Splitting tensile strength vs. temperature (200-600 °C) for different PAF mixes. Moderate fibre content retained higher strength

as temperature increased

also increased slightly, suggesting enhanced residual
strength at ambient temperature due to fibre inclusion.
However, the negative slope coefficients imply that deg-
radation rates accelerated at higher dosages, likely due to
poor dispersion or fibre agglomeration.

For example, the normalized compressive strength of
PA0.5% concrete can be estimated using:

f;l T o o 2
— =0.95—-0.58( —— ],23°C < T <600°C,R" = 0.96

1! 1000
2)

This model suggests that at 400 °C, approximately 72%
of the original strength is retained.

3.3.2 Splitting Tensile Strength

Normalized tensile strength also followed a linear
decreasing trend with temperature, with higher fibre con-
tents generally exhibiting stronger correlations (higher
R?). Fibre reinforcement provided notable improve-
ment in tensile retention up to 400 °C due to enhanced
crack bridging and energy absorption mechanisms. The
PA1.5% mix demonstrated the most favourable thermal
performance, with degradation initiating more gradu-
ally than in lower dosage mixtures. The corresponding
regression model is:

h_ 1.25 —121<i> 23°C < T <600°C,R* =098  (3)
VR “"\ 1000/’ - ’ '

This reflects a 20—25% loss of tensile strength at 400 °C,
highlighting the fibre’s crack-bridging role at moderate

temperatures.

3.3.3 Flexural Strength

Flexural strength regression models revealed similar
patterns to tensile strength. Fibre-reinforced mixes,
especially PA1% and PA1.5%, showed higher initial nor-
malized values and moderate degradation rates. How-
ever, above 400 °C, the deterioration became more
pronounced, likely due to thermal decomposition of the
fibres.

For example:

T
f—f =122 -1.03( —— ),23°C < T < 600°C, R? = 0.84 (4)
1000

7

The PA2% mix showed slightly lower retention and a
flatter slope, possibly due to poor workability and fibre
clumping. These regression equations are valuable tools
for predicting performance degradation in structural
applications, where exposure to high temperatures is
a concern (Table 2). They can support fire resistance



Salih et al. Int J Concr Struct Mater (2025) 19:132 Page 18 of 21
Flexural Strength vs. Temperature (200-600 °C)
o ® PAO Data
. T -== PAO Fit
9 L ) x\\\\ \__\\\ @ PA0.5% Data
o s S W | & --- PAD.5% Fit
W | g ® PA1% Data
gl i PO ...~ —-—- PA1% Fit
= Seee Sl e T PA1.5% Data
a ° s ~a e )
3 ™ See ot PA1.5% Fit
< e TR, Rt ® PA2% Data
o7 el S . --- PA2% Fit
C ~\\ \\\ \\\
E \~ \\ \‘\\ \\\\
) -~ -~ -
wn “\N “\\ S~
© L ~~\~\\ \\\\ \\\\\
5 6 Py ~‘\~~~ ~\‘~ \\\\ -~
x T il N e
)] ~~‘_‘ - - \\\
E _‘\“ s~~ ~-e
e o s
5 L. §“~~“- ;
S~ -
4t pe T
L
200 250 300 350 400 450 500 550 600

Temperature (°C)
Fig. 18 Flexural strength vs. temperature (200-600 °C) for PAF-reinforced mixes. Strength decreased with temperature; 0.5-1% fibres showed better

retention at lower temperatures

design, post-fire assessment, and structural integrity
evaluations. The relatively high R? values for most mixes
confirm that linear models are appropriate for the stud-
ied temperature range (23 °C to 600 °C). However, it is
important to note that beyond 600 °C, non-linear degra-
dation mechanisms may dominate, and these linear mod-
els may no longer hold.

Figure 16 depicts the degradation trend (linear regres-
sion fits) of compressive strength in concrete mixes con-
taining 0-2% Phragmites australis fibres when exposed
to elevated temperatures between 200 °C and 600 °C.
All mixes showed a progressive reduction in compres-
sive strength with increasing temperature. The con-
trol mix (PAO) exhibited the highest thermal resistance,
while mixes with higher fibre contents (especially PA2%)
displayed steeper declines. The linear regression lines
effectively illustrate the thermal sensitivity of each mix,
indicating that excessive fibre addition may accelerate
strength deterioration under heat due to fibre degrada-
tion and microstructural disruption.

Figure 17 shows the variation in splitting tensile
strength of concrete reinforced with different vol-
umes of Phragmites australis fibres subjected to high

temperatures. The general trend reveals a decrease in
tensile strength as temperature increases. At 200 °C and
400 °C, mixes with 0.5% and 1.0% fibres retained more
tensile strength compared to other mixes, suggesting
enhanced fibre-bridging and bond interaction. However,
all mixes experienced significant strength loss at 600 °C.
The regression lines highlight the rate of tensile degra-
dation, with higher fibre dosages (1.5% and 2%) showing
greater thermal vulnerability.

Figure 18 illustrates the effect of elevated temperature
on the flexural strength of concrete with varying contents
of Phragmites australis fibres. Flexural performance gen-
erally decreased with rising temperature across all fibre
dosages. At 200 °C and 400 °C, mixes with 0.5% and 1%
fibres showed better flexural resistance due to effec-
tive crack-bridging. However, at 600 °C, fibre degrada-
tion became dominant, leading to significant strength
reduction. The regression curves provide clear insight
into the rate of thermal degradation, demonstrating that
while moderate fibre addition enhances flexural strength
at lower temperatures, higher dosages or extreme heat-
ing reduce performance due to poor fibre dispersion and
carbonization.
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Table 2 Regression equations for normalized residual strengths of concrete with PAF at 200-600 °C

Relative residual strength Volume fraction (%) Regression equations R?
Compressive strength 0 % — 114 —081 (%),23 °C < T <600°C 0.94
05 b =095 - 058( 1 ). 23°C = T = 600°C 0.96
7 b =102-069( 1), 23°C = T = 600°C 095
15 b =112-089(1f5),23°C = T = 600°C 099
2 b =095 - 058( 1 ). 23°C = T = 600°C 095
Splitting tensile strength 0 ;T[ —129_ 1.25(%),23% < T < 600°C 082
05 b =124-107(f),23°C = T = 600°C 079
W 5 =123-116(1d ). 23°C = T = 600°C 094
15 § =125-121( ), 23°C = T = 600°C 098
2 b =119-103(1f5),23°C = T = 600°C 098
Flexural strength 0 % —119— 0091 (%),23‘( < T < 600°C 0.89
05 §=116-092(f),23°C = T = 600°C 084
W b =122-103(g),23°C < T < 600°C 084
15 §=125-108( 1), 23°C = T = 600°C 082
2 § =116 084( ), 23°C = T = 600°C 095

4 Conclusions

This study examined the incorporation of Phragmites
australis fibres (PAF) into concrete and evaluated their
effects on mechanical and ultrasonic properties after
exposure to elevated temperatures (200 °C, 400 °C, and
600 °C). Based on the experimental results, the following
conclusions are drawn:

The inclusion of PAF reduced the slump of fresh
concrete mixes due to the fibres’ high surface area
and water absorption capacity. However, acceptable
workability was maintained up to a fibre content of
1%, beyond which a significant decrease in slump
was observed.

At ambient conditions, the addition of PAF particu-
larly at 0.5-1%-resulted in marginal improvements
in compressive strength. After thermal exposure, all
mixes experienced strength degradation, with the
most severe losses recorded at 600 °C. The control
mix retained 62.8% of its initial strength at 600 °C,
while PAF-reinforced mixes retained between 52%
and 61%.

Concrete reinforced with 0.5-1% PAF exhibited

greater ductility and crack-bridging capacity, espe-
cially after exposure to 200 °C and 400 °C. At 600 °C,
a drastic reduction (up to 75%) in tensile properties
was observed, consistent with fibre degradation.
UPV values decreased progressively with tempera-
ture, reflecting internal microcracking and material
degradation. PAF-reinforced concretes displayed
slightly lower UPV values compared to the control
at all temperature levels, which may be attributed
to the weaker fibre—matrix interface and increased
porosity.

PAF demonstrated the potential to enhance mechan-
ical performance at ambient and moderately elevated
temperatures. However, at 600 °C, thermal decom-
position of the fibres led to substantial reductions in
mechanical integrity.

The optimal PAF content was found to be between
0.5% and 1%, providing a favourable balance between
improved mechanical properties and acceptable
workability. This range also showed the best post-
heating performance relative to other dosages.

This study was limited to short-term mechanical and

noticeable improvements in splitting tensile and flex-
ural strength under ambient conditions. Post-heating
performance demonstrated reduced strength across
all mixes, yet PAF-reinforced specimens retained

ultrasonic evaluations under controlled laboratory con-
ditions. The long-term durability of PAF-reinforced
concrete, including its resistance to cyclic thermal load-
ing, moisture ingress, and chemical attack, remains
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unexplored. In addition, the variability in fibre morphol-
ogy and distribution at higher dosages warrants further
investigation. Future research should focus on optimizing
fibre treatment methods, evaluating performance under
real fire scenarios, and exploring hybrid reinforcement
strategies that combine PA fibres with other sustain-
able or synthetic fibres to enhance thermal resilience and
structural reliability.
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