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Polyethylene (PE) fibre-reinforced engineered cementitious composites (ECC) offer high ductility and durability,
however concerns over fire performance, particularly spalling resistance, continue to limit their adoption. This
study evaluates single and hybrid PE fibre-reinforced ECC with high-volume slag and MgO under fire exposure,
examining spalling resistance at both material and structural scales. Key test parameters include PE fibre length
(9, 12, 18 mm), fibre type (single or hybrid with polypropylene (PP) and basalt fibre), and panel size
(300 x300 mm, 200 x200 mm, 100 x100 mm) and thickness (20, 50 mm). A novel 1-directional (1-D) spalling
test is also developed and compared with a traditional 3-directional (3-D) furnace test. Material-scale tests
showed that replacing 12 mm, 0.75 % PE fibre with basalt improved strength retention at elevated temperatures
by approximately 5-7 %, achieving a total retention of 37-40 %. However, large-scale tests revealed poor
spalling resistance with this mix as full-thickness spalling occurred in 300 x 300 x 50 mm panels. Spalling
resistance improved with longer PE fibres (18 mm) or the addition of PP fibres, with a hybrid mix (12 mm 0.3 %
PP, 1.25 % PE, 0.75 % basalt) demonstrating superior performance. Further analysis indicated that fibre melting
may not be the primary mechanism for spalling resistance; rather, fibre distribution and bonding with the matrix

are critical for forming an effective network for vapour pressure dissipation.

1. Introduction

Fire poses a significant risk to engineering structures such as tall
buildings and is one of the most common threats to life and property [1].
One particularly dangerous phenomenon is ‘fire-induced spalling’,
where concrete fragments detach from the heated surface, potentially
leading to structural failure. Spalling occurs through three primary
mechanisms: (a) thermo-hygral spalling (200-400°C), caused by rapid
water vaporisation and thermal gradients; (b) thermo-mechanical spalling
(400-700°C), resulting from thermal stresses and external loads; and (c)
thermo-chemical spalling (>700°C), driven by the decomposition of the
cementitious matrix [2-4]. Thermo-hygral and thermo-chemical spal-
ling are particularly severe in materials with dense microstructures and
high cementitious content.

Engineered cementitious composite (ECC) is one such material,
known for its superior durability and strength, and has been utilized in
diverse applications such as tunnels, high-rise building and retrofitting
[5]. Among various ECCs, polyethylene (PE) fibre-reinforced ECC
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(PE-ECC) has demonstrated outstanding tensile strain hardening and
ductility compared to mixes reinforced with polyvinyl alcohol, steel, or
basalt fibres. Despite its advantages, the fire performance of PE-ECC
remains a concern [3]. Polymer fibres, such as PE, are expected to
mitigate thermo-hygral spalling by forming melted fibre channels that
relieve pore pressure. However, severe explosive spalling has been
observed even at high fibre volumes (1.3-1.8 %) [6-10]. For instance,
Liu and Tan [6] observed spalling in ECC specimens reinforced with
1.3 % PE fibre. Similarly, Zhang et al. [7] noted spalling in ECC mixes
with 1.5 % PE fibre, and recently, Zhang et al. [8] reported that even a
fibre volume of 1.8 % does not prevent spalling. The studies suggested
that the severity of spalling in these cases may be related to factors like
large molecular size and low coefficient of thermal expansion of PE fi-
bres. Although the addition of polypropylene (PP) or steel fibres and
improving the cementitious matrix have enhanced material-scale spal-
ling resistance [6,7,11,12], it remains unclear whether these modifica-
tions translate to improved performance in large-scale specimens.
Another critical gap in the literature is the lack of structural (large)
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Table 1
Matrix constituents for the present study.

Sand (kg/m®)

Binder (kg/m®) Water (kg/m®)  HRWR (lit/m>)

Cement GGBFS  MgO
381.6 636 254.4 462 318 5-11
Table 2

Mixes considered in the present study.

Mix ID PP fibre (vol PE fibre (vol%) Basalt fibre (vol
%) %)
PPOPEOBFO 0 0 0
PPOPE2BFO 0 2 0
PP0.5PE2BF0 0.5 2 0
PPOPE1.25BF0.75 0 1.25 0.75
PPOPE1.25(9)BF0.75 0 1.25 (9 mm length) 0.75
PPOPE1.25(18) 0 1.25 (18 mm 0.75
BF0.75 length)

PP0.3PE1.25BF0.75 0.3 1.25 0.75
PP0.5PE1.25BF0.75 0.5 1.25 0.75

Note: Matrix constituents were kept fixed as shown in Table 1. PE fibre length is
12 mm unless otherwise specified.

Table 3

Properties of fibres used in the present study.
Fibre Length Diameter Tensile Elastic Density
type (mm) (um) strength modulus (kg/m>)

(MPa) (GPa)

PE 9/12/18 24 3000 116 970
PP 12 23 585 5.1 910
Basalt 12 13 3300-4840 91-110 2650

scale fire studies on PE-ECC. Most research to date has focused on
material-scale tests or applications as a protective coating [13-15]. This
is primarily due to the complexity and high cost of large-scale furnace
fire tests, which require specialized facilities. Additionally,
material-scale tests on PE-ECC under elevated temperatures lack stan-
dardization, with variations in heating rates (1-10 °C/min) and spec-
imen sizes (e.g. 50 mm cubes versus 75-100 mm diameter cylinders),
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complicating the understanding of its fire behaviour [2,16]. While
recent advances have demonstrated the potential of ECC in structural
applications such as beam-column joints, retrofitting, tunnel linings, and
protective cladding [5,17,18], the use of PE-ECC and ECC in general in
full-scale structures is still emerging. This highlights the need for a
large-scale standardized and practical fire test to accurately assess its
fire resistance and ensure broader applicability in construction.

This paper addresses these issues and systematically investigates the
spalling resistance of PE-ECC developed with high-volume ground
granulated blast furnace slag (GGBFS) as the primary supplementary
cementitious material along with MgO, at both material and structural
scale. The paper also details the development of a practical and stan-
dardized test setup for evaluating spalling resistance of panel specimens.
A new one-directional (1-D) blow torch test method is introduced for
this purpose and validated against three-directional (3-D) furnace fire
test. The study further examines the effects of panel surface area,
thickness, fibre combinations (including hybrid combinations with
basalt or PP fibres), and different PE fibre lengths (9, 12, and 18 mm) on
residual mechanical performance and spalling resistance. The insights
into effective fibre combinations and spalling resistance mechanisms
aim to enhance the practical application of PE-ECC in construction.

PP0.5PE1.25BF0.75
PP0.3PE1.25BF0.75
PPOPE1.25(18)BF0.75
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Fig. 2. Compressive strength of the considered mixes at room temperature.
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Fig. 1. Mixing procedures adopted in present study.
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Fig. 3. Tensile performance of the considered mixes at room temperature.
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Fig. 4. Residual compressive strength of the mixes considered in the pre-
sent study.

2. Material design and preparation

The primary binder materials used in this study were general-
purpose (GP) cement, high-volume GGBFS as the main supplementary
cementitious material, and MgO, which served as an expansive agent.
GP cement and GGBFS complied with Australian Standards AS 3972 and
AS 3582.2 respectively and were sourced as packaged products from a
local supplier. MgO was obtained from QMAG, Queensland, with its
properties detailed in the authors’ previous work [19]. The ternary
blend was also optimized for elevated temperature performance in this
earlier study [19], and the same binder proportions (Cement:GGBFS:
MgO = 30:50:20) were maintained for all mixes. 500 um passing oven
dried sand (specific gravity 2.64) was used as aggregate at a
sand-to-binder ratio of 0.25. A carboxylated polymer-based high-range
water reducer (HRWR), ADVA 650 (specific gravity 1.06), was also used
to achieve consistent flow. The matrix constituents are further specified
in Table 1.

Based on the outlined matrix constituents, eight different mixes with
varying fibre contents were developed, as detailed in Table 2. The study
focused on three types of fibres: PE fibre, PP fibre, and basalt fibre (BF),
with their properties listed in Table 3. PP and basalt fibres were kept at a
constant length of 12 mm, while PE fibres were used in three lengths of
9 mm, 12 mm, and 18 mm to study the effect of fibre length. The
particular dosages for each fibre type were selected based on a
comprehensive review of the literature and preliminary trials, which

aimed to balance mechanical performance, spalling resistance and
flowability. The control mix (PPOPEOBFO) contained no fibres. The mix
PPOPE2BFO included 2 % PE fibre by volume, which is considered the
standard dosage in an ECC mix. Considering previous reports of poor
spalling resistance in PE-fibre reinforced specimens and the superior fire
performance of PP fibres [7], an additional 0.5 % PP fibre was intro-
duced in mix PP0.5PE2BFO to enhance fire resistance. Studies have also
indicated that hybrid combinations of low and high melting point fibres
improve elevated-temperature performance [20-22]. To explore this,
mix PPOPE1.25BF0.75 was designed with 1.25 % PE fibre (melting point
~159°C) and 0.75 % basalt fibre (melting point >1000°C). This dosage
was found to be optimal for room temperature performance in a previ-
ous study by the authors on another magnesium-based cement matrix
[23]. Additionally, 12 mm length PE fibres in hybrid ECC mix were
replaced with 9 mm and 18 mm length PE fibres to assess the effect of
fibre length. To further enhance fire resistance, two additional hybrid
mixes, PP0.3PE1.25BF0.75 and PPO0.5PE1.25BF0.75, incorporated
0.3 % and 0.5 % PP fibres, respectively (melting point ~174°C). Since
PP dosages above 0.1 % significantly improve spalling resistance
[24-27], 0.3 % and 0.5 % were chosen as conservative estimates. Thus,
these eight mixes were designed to assess not only the influence of PE
fibre dosage but also the effects of hybrid basalt and PP fibres and the
length of PE fibres in hybrid ECC, providing a comprehensive evalua-
tion. Mix IDs follow the format PPxPEyBFz, where x, y, and z denote
fibre volumes (%). PE fibre length defaults to 12 mm unless otherwise
specified. For example, PPOPE1.25BF0.75 includes 0 % PP, 1.25 % PE
(12 mm), and 0.75 % BF, whereas PPOPE1.25(18)BF0.75 denotes mix
with 0 % PP fibre, 1.25 % PE fibre (18 mm), and 0.75 % basalt fibre.
A 40-litre planetary mixer was used for preparing the mixes, with the
procedure illustrated in Fig. 1. The dosage of HRWR was adjusted within
the supplier-recommended range for each mix to achieve consistent
flow. For the base mix (PPOPEOBFO), the flow reached approximately
210 mm (spread diameter measured using the flow table test). However,
with the addition of fibres, the flow decreased to about 160 + 10 mm;
mixes containing PP and PE fibres generally retained flow values toward
the higher end of this range, whereas addition of basalt fibres slightly
reduced flowability. Once the desired flow was reached, the mix was
poured into the moulds designed for compression, tension, and spalling
tests. 50 mm cube specimens were casted for compressive strength and
residual compressive strength tests. Dog bone-shaped moulds,
measuring 340 mm (length) x 50 mm (width) x 13 mm (thickness),
were used to assess tensile stress-strain behaviour at both room and
elevated temperatures. For spalling tests, panel moulds of sizes
300 x 300 x 50 mm, 200 x 200 x 50 mm, 100 x 100 x 50 mm and
300 x 300 x 20 mm were utilized. All specimens were demolded
24 hours after casting and then stored in a temperature-controlled water
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Fig. 5. Typical tensile stress-strain behaviour of considered mixes at room and elevated temperatures.

tank at 20 + 2°C for 28 days. After the curing period, the specimens were
taken out of the water tank and kept in an environmental chamber at
25 + 2°C and 65 + 5 % relative humidity until testing. The moisture
content was measured prior to the testing phase by heating the speci-
mens at 105 + 2°C for 24 hours and it was found to be in a range of

5.9-6.5 % for all mixes. This measurement was performed to ensure that
any extensive spalling observed could be correlated with the moisture
content, if necessary.
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3. Mechanical properties at room and elevated temperatures

The performance of the mix at both room temperature and elevated
temperatures was first characterized to understand the general behav-
iour and correlate it further with spalling resistance, in order to
recommend the most suitable fibre combination. For residual
compressive strength, 50 mm cubic specimens were heated in a furnace
to target temperatures of 200, 400, 600, and 800°C. Dog-bone specimens
were heated to 400 and 600°C to analyse the residual tensile stress-strain
behaviour. Heating rate was maintained at 2 °C/min and the tempera-
ture was monitored using two Type-K thermocouples, one attached to
the specimen surface and the other positioned within the furnace, to
confirm that the specimen temperature closely followed the furnace
setpoint. After reaching each target temperature, a dwell period of 2 h
was implemented to ensure an isothermal state, as suggested by Rawat
et al. [16]. Following the dwell period, the specimens were allowed to
cool naturally in ambient conditions by turning off the furnace and then
kept in the same condition for 24 hours. Compression tests on the
50 mm cubes and uniaxial tension tests on dog-bone specimens (with a
reduced width of 30 mm and a 60 mm gauge length) were then per-
formed at a loading rate of 0.1 mm/min. The non-heated (room tem-
perature) specimens were also tested at the same age to eliminate any
effect of maturity. More details about the test setup can be found in
Rawat et al. [28]. Three samples were tested for each set and tempera-
ture range to ensure representative results.

3.1. Mechanical properties at room temperature

3.1.1. Compressive strength
Fig. 2 shows the compressive strength of considered mixes at room

250 mm
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temperature. The mortar mix (PPOPEOBF0) without fibres showed a
compressive strength of 75 MPa. This might have been due to its better
flow characteristics which have promoted better compaction and a more
homogeneous matrix. In contrast, the incorporation of fibres introduces
two competing effects on compressive strength. On one hand, the fibre
bridging effect can enhance strength by limiting microcrack propaga-
tion; on the other hand, fibre agglomeration and the formation of voids
may reduce matrix density, thereby lowering strength [29,30]. In the
present study, the addition of 2% PE fibre (PPOPE2BF0) did not
significantly alter the compressive strength, likely because the fibres
were well distributed and helped restrict crack propagation without
significantly compromising the matrix density. Similarly, no further
changes were observed when the same mix was further reinforced with
an additional 0.5 % PE fibre.

However, replacing 0.75 % PE fibre with an equal volume of basalt
fibres of the same length resulted in a 12 % reduction in compressive
strength, likely due to basalt fibre agglomeration and the resulting in-
crease in matrix porosity (as explained later in Section 6.3). The effect
was also similar when length of PE fibre was changed to 9 mm. How-
ever, increasing PE fibre length from 12 mm to 18 mm at a constant fibre
volume further reduced the strength by 8 %. Additionally, reinforcing
mix PPOPE1.25BF0.75 with 0.3-0.5 % PP fibres did not improve the
compressive strength, which remained lower than that of the mortar mix
without fibres or the mix containing only polymer fibres.

3.1.2. Tensile strength and ultimate tensile strain

Fig. 3 shows the effect of fibre type and dosage on the tensile strength
and ultimate tensile strain of ECC. Ultimate tensile strain was deter-
mined by recording the strain at the post-peak point where the load
dropped to 75 % of the maximum tensile stress, as recommended in

‘ : ——d
PPOPEOBF0 — 20 mm 7 PPOPEOBF0 — 50 mm

Fig. 8. Mix PPOPEOBFO — 300 x 300 mm panel specimens after 1-D blow-
torch test.
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Fig. 7. Schematic diagram of the developed 1-D spalling test.
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Fig. 9. Picture (left) and surface profile (right) of mix PPOPE2BFO — 300 x 300 mm panel specimens after 1-D blowtorch test.

previous literature [31]. It can be seen that the mix PPOPEOBFO without
any fibre showed tensile strength of 3.6 MPa (Fig. 3a). However, the
ultimate tensile strain was negligible due to the absence of fibres as
expected (Fig. 3b). Adding 2 % PE fibre (PPOPE2BFO0) resulted in an
increase in both tensile strength and ultimate tensile strain, with tensile
strength rising by 62 % to 6 MPa and ultimate tensile strain reaching
approximately 3.3 %. Further addition of 0.5 % PP fibre (PP0.5PE2BF0)
caused a slight decrease in tensile strength but led to an increase in ul-
timate tensile strain, which reached about 4 %. The improvements in
both mixes were significant compared to the control mix and indicated
their suitability for structural applications.

The effect of replacing PE fibres with an equal volume of basalt fibres
was detrimental to both tensile strength and strain, consistent with the
trend observed in compressive strength. Mix PPOPE1.25BF0.75, which
replaced 0.75 % PE fibres with basalt fibres, showed approximately
36 % decrease in both tensile strength and ultimate tensile strain
compared to mix PPOPE2BFO. The effect was more critical on changing
the length of PE fibres. Using 9 mm fibres instead of 12 mm fibres
maintained similar tensile strength but resulted in a notable decrease in
ultimate tensile strain to less than 2 %. In contrast, using 18 mm fibres in
hybrid ECC led to notable improvements in both tensile strength and
ultimate tensile strain. Compared to the mix with 2% PE fibre
(PPOPE2BFO), tensile strength increased by 2 %, and strain capacity
improved by 23 %, indicating that longer fibres can enhance tensile
performance in hybrid ECC. These findings are particularly relevant for
the development of cost-effective and environmentally friendly ECC, as
basalt fibres not only have a more sustainable production process [32,
33] but also exhibit lower embodied carbon emissions compared to PE
fibres [34]. Any further addition of PP fibre to the mix with 12 mm
hybrid fibres (1.25 %PE + 0.75 %BF) reduced tensile strain capacity,
while tensile strength remained comparable to the mix with 2 % PE

fibre.

3.2. Mechanical properties at elevated temperatures

3.2.1. Compressive strength

The residual compressive strength of all the mixes was measured at
temperatures ranging from 200 to 800°C to assess how different fibre
types and dosages affect strength retention. Notably, no spalling was
observed in any of the specimens during the heating or the compression
tests, which can be attributed to the optimized matrix composition [19]
and the low heating-cooling rate employed. In terms of residual
strength, it was observed that the compressive strength of all mixes
significantly decreased with increasing temperature, especially beyond
600°C (Fig. 4). Especially, the compressive strength at 200°C was higher
than at room temperature, with a more pronounced effect in
fibre-reinforced specimens, showing an increase of 4-18 %. This
improvement could be attributed to accelerated hydration in the
high-SCM matrix at moderate temperatures, which results in pore
refinement and enhanced strength [19]. However, as the temperature
continued to rise, the compressive strength consistently decreased, with
only about 34-44 % retention at 800°C.

If the residual strength between the mortar mix without fibres
(PPOPEOBF0O) and the fibre-based mixes including 2 %PE fibre
(PPOPE2BF0), 2 %PE + 0.5%PP (PP0.5PE2BF0) and 1.25 %PE
+ 0.75 %BF (PPOPE1.25BF(.75) is compared, it can be seen that all
mixes showed an increase in compressive strength at 200°C. With
further increase in temperature to 400°C, the strength decreased in some
mixes, and the highest decrease was observed in case of PP0.5PE2BFO.
The mix PPOPE2BFO mix experienced a similar level of decrease, likely
due to the complete melting of polymer fibres and subsequent vapor-
isation at higher temperatures. Interestingly, this effect was not
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Fig. 10. Picture (left) and surface profile (right) of mix PP0.5PE2BFO — 300 x 300 mm panel specimens after 1-D blowtorch test.

observed in the control mix (PPOPEOBFO0), suggesting that GGBFS
continued contributing to strength increase due to accelerated hydra-
tion. The effect was more pronounced in mixes with basalt fibres, likely
due to improved fibre-matrix bonding. However, as the temperature
exceeded 400°C, matrix deterioration became more significant,
reducing the impact of the fibre-matrix bond and leading to a pro-
nounced drop in strength, particularly in the fibre-reinforced mixes.

If the hybrid mixes PPOPE1.25BF0.75, PP0.3PE1.25BF0.75 and
PP0.5PE1.25BF0.75 are compared, the effect of fibre melting could be
clearly observed on residual strength. Beyond 200°C, the mix
PPOPE1.25BF0.75 with least amount of polymer fibres showed lower
reduction in comparison to the other mixes containing PP fibres. This
difference can be attributed to the void formation or reduction in density
caused by the melting of the PP fibres. Higher decrease was observed in
mix PP0.5PE1.25BF0.75 with more PP fibres (0.5 %) in comparison to
mix PP0.3PE1.25BF0.75 with lesser volume of PP fibres (0.3 %). As the
temperature increased further, matrix degradation became the domi-
nant factor, leading to a consistent reduction in strength across all mixes.

3.2.2. Uniaxial tensile stress-strain behaviour

The residual tensile stress-strain behaviour of all mixes was assessed
at 400 and 600°C. These temperatures were selected based on the
melting and vaporisation points of PE fibres to determine how PE fibres
influence tensile stress-strain performance after exposure to high tem-
peratures, and whether basalt fibres continue to offer benefits after PE
fibres have vaporised. Fig. 5 shows the tensile stress-strain behaviour of
the adopted mixes at room temperature and after exposure to 400°C and
600°C. The tensile strain hardening behaviour was clearly evident in all
mixes except the base mix PPOPEOBFO0. At elevated temperatures, this
behaviour was completely lost and not only the tensile stress was found

to decrease significantly, tensile strain also almost dropped to zero. This
observed behaviour presents two inferences: first, the strain hardening
behaviour is completely lost after the melting of PE fibre along with the
reduced stress; second, the presence of basalt fibres did not have any
appreciable effect even in providing necessary strain softening.

The effect of fibre dosage and different fibre types on residual tensile
strength can further be observed from Fig. 6. The control mix
PPOPEOBFO without any fibre underwent 31 % reduction in tensile
strength at 400°C which further reached 49 % at 600°C. The decrease
was more severe in the mixes containing polymer fibres. Both
PPOPE2BF0 and PP0.5PE2BFO0 mixes suffered around 74 % reduction in
the tensile strength at 600°C. The hybrid fibre mixes with lower content
of polymer fibres and 0.75 % basalt fibres also underwent significant
reduction at elevated temperatures, however, the performance was still
better than the mixes with only polymer fibres. Mix PPOPE1.25BF0.75
suffered 63 % reduction in tensile strength at 600°C which was signifi-
cantly better than the mixes with only polymer fibres.

A further comparison could be made for the mixes with different
length of PE fibres. It can be observed that the longer PE fibres under-
went slightly higher decrease in the tensile strength. Mix
PPOPE1.25BF0.75 and mix PPOPE1.25(9)BF0.75 suffered around 63 %
and 64 % decrease respectively at 600°C, whereas the reduction in the
strength was 70 % for mix PPOPE1.25(18)BF0.75. Overall, the results
highlight that the effect of elevated temperatures on tensile strength is
primarily influenced by the dosage of polymer fibres and, to a lesser
extent, their length. Higher polymer fibre dosage mixes showed greater
strength reductions, likely due to increased voids from melted fibres. On
the other hand, basalt fibres did not significantly improve the tensile
strength, and there was no notable improvement in strain hardening or
softening directly attributable to their inclusion.
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Fig. 11. Picture (left) and surface profile (right) of mix PPOPE1.25BF0.75 - 300 x 300 mm panel specimens after 1-D blowtorch test.

4. Spalling resistance testing via novel 1-D blow torch method
4.1. Development of cost-effective 1-D blow torch method

The 1-D blow torch method is usually conducted to simulate the
effects of fire using a high temperature propane torch. Several studies
have adopted similar testing methods to analyse the extent of spalling
[4,35,36], however, these methods often lack consistency regarding the
intensity of heating. To address this, repeated trials were conducted to
match the ISO curve heating intensity so that the repeatability can be
ensured in different tests. In this refined procedure, propane torch of
nozzle diameter 33 mm and nozzle length 76 mm was selected for
exposure on the ECC specimens with 300 mm x 300 mm surface area
(20- and 50-mm thickness) to ensure adequate coverage. A larger area
than this could lead to inefficient use of materials, while a smaller area
might not capture the full flame intensity. The gas nozzle was fixed to a
stand on a solid platform, and the nozzle-to-specimen distance was set at
250 mm. Type-K thermocouples were attached to the ECC specimens at
different location (front and back centre) to monitor temperatures
throughout the test. An additional thermocouple was embedded at the
geometric centre of 300 x 300 x 50 mm specimen of mix
PP0.5PE1.25BF0.75 to further understand the temperature profile.
Temperature monitoring was also done using FLIR T865 thermal cam-
era. A schematic diagram of the test setup is shown in Fig. 7. The no-
tation 'Mix ID - thickness’ is used hereafter to represent panel
specimens, enabling easy comparison. For example, PPOPEOBFO - 50
mm refers to the mix PPOPEOBFO panel specimen with 50 mm thickness.

The test begins by igniting the blow torch at its lowest setting,
causing a rapid increase in temperature (as shown in the temperature-
time curve in Fig. 7). Once the temperature stabilizes, the flame

control valve was adjusted gradually (by 10°) at the 5th, 20th, and 23rd
minutes to achieve the desired temperature profile, with the test
continuing for a total of 30 minutes. It should be noted that the test was
designed to focus on thermal-hygral and potentially thermo-chemical
spalling and hence, no external load was applied so that the stress
generated by thermal gradients and vapour pressure could be clearly
reflected. Throughout the heating process, temperature data from the
thermocouples was recorded, and the surface of the concrete was
observed for signs of spalling, such as cracking, popping, or flaking, with
the respective times noted.

After the heating period, the blow torch was removed, and the ECC
specimen was allowed to cool naturally. Once cooled, the specimen was
inspected for the extent of spalling and any other damage. The surface
profile data was plotted using OriginPro 2024b, where the profile was
generated with the x-axis representing length, the y-axis representing
width or height, and the z-axis representing depth or thickness. Addi-
tionally, the profile was employed to calculate the surface area (SA) of
the xyz surface and the volume (V) between the plane at z = 0 and the
matrix surface through two-dimensional integration. The primary
advantage of this newly developed 1-D blow torch test method, with its
standardized parameters, is that it offers a quick, cost-effective, and
repeatable approach to simulate fire exposure and determine the spal-
ling sensitivity of ECC specimens.

4.2. 1-D spalling test and analysis

4.2.1. Mortar without fibres (Mix PPOPEOBFO)

Fig. 8 shows the images of the specimens after undergoing exposure
to fire through 1-D blow torch test. It is evident that both the 20 mm and
50 mm panel specimens did not exhibit any spalling, even in the absence
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Fig. 12. Picture (left) and surface profile (right) of mix PP0.3PE1.25BF0.75 — 300 x 300 mm panel specimens after 1-D blowtorch test.

of fibres. This absence of spalling is likely due to the less-dense internal
microstructure, which resulted from incomplete hydration caused by the
very high SCM content (70 % replacement) [19]. Consequently, the
formation of a dense matrix that would trap vapours did not occur,
allowing vapour pressure to dissipate easily from the unexposed sides.
However, specimens fractured right after the test, suggesting that mortar
alone is insufficient to prevent disintegration, and the addition of fibres
could be beneficial.

4.2.2. Mix with low melting point polymer fibres (Mix PPOPE2BF0 and
PP0.5PE2BF0)

To understand the effect of 1-D fire exposure on ECC reinforced with
low melting point fibres, 20- and 50-mm thick panel specimens were
tested for mix PPOPE2BFO and PP0.5PE2BFO0. Unlike the mix without
fibres, these specimens exhibited minor surface spalling, as shown in
Fig. 9. The figure also presents surface profile detailing the extent of
damage, including the front-facing damage area and the spalled depth
(represented separately along the z-axis). As observed in the surface
profile, the maximum spalling depth was 9 mm for 50 mm specimens
and approximately 11 mm for 20 mm specimens. In both thicknesses,
spalling began at the start of the test and continued for only the initial
3-4 minutes (when the temperature was likely below 500°C), after
which spalling completely stopped even though the temperature
continued to rise due to flame exposure. Unlike the specimens without
any fibre, where incomplete hydration and a more porous structure
facilitated easier vapour escape, the addition of uniformly distributed PE
fibres likely resulted in a denser matrix through improved packing or
reduced porosity. Though fibres started melting upon heating, they may
not have initially formed a continuous network of escape channels for
vapour release. This could have led to localized pressure accumulation,
causing early-stage spalling. However, as the test progressed, a network

of interconnected voids was likely formed due to fibre decomposition
and fibre-matrix bond degradation, facilitating vapour dissipation and
thereby preventing further spalling. The surface profile was further used
to calculate the spalled volume and SA. The spalled volume was
140,000 mm® for the 20 mm specimens and 112,500 mm® for the
50 mm specimens, while the SA was 90,285 mm? and 90,222 mm? for
the 20 mm and 50 mm thickness specimens, respectively.

Further reinforcing the specimens with 0.5% PP fibre
(PP0.5PE2BFO) resulted in a slight improvement in spalling resistance.
As shown in Fig. 10, both 20 mm and 50 mm thick specimens experi-
enced only minor surface spalling, with the maximum spalling depths of
5mm and 10 mm, respectively. The improvement was more pro-
nounced in the 20 mm specimens, where the spalled volume decreased
by 76 % compared to the PPOPE2BF0 mix, likely due to better inter-
connected network of channels and smaller moisture migration paths
due to lower thickness. However, the profile geometry of the 50 mm
specimens showed no significant change, and the damage surface area
was similar to the PPOPE2BFO specimens. Spalling still occurred for a
similar duration, starting at the beginning of the test and continuing for
only 3 minutes. Additionally, a popping sound was observed in the
50 mm specimens at 10 and 12 minutes, but this did not cause signifi-
cant additional damage and only removed the already compromised
outer layer. Overall, the presence of low melting point PE fibres in the
standard 2 % dosage in ECC greatly reduces the likelihood of major
spalling. Further addition of PP fibre may also slightly improve the
spalling resistance depending on the size of the specimens.

4.2.3. Hybrid ECC with low and high melting point fibres

The spalling resistance of ECC reinforced with a combination of
basalt and PE fibres was also examined to assess whether basalt fibres
could serve as a cost-effective, environmentally friendly alternative. It
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Fig. 13. Picture (left) and surface profile (right) of mix PP0.5PE1.25BF0.75 — 300 x 300 mm panel specimens after 1-D blowtorch test.

was found that ECC panels with 1.25 % PE and 0.75 % basalt fibre
(PPOPE1.25BF0.75) spalled through the full thickness under 1-D expo-
sure, irrespective of panel thickness (Fig. 11). This suggests that the
selected fibre combination was not effective in preventing spalling,
despite its superior performance under lower heating rates (Figs. 4 and
6). These findings further highlight the importance of 1-D spalling test in
material development, as it is simple to implement and offers a reliable
means of assessing spalling resistance. Such testing is crucial for accu-
rately identifying ECC mixes that offer both high residual strength and
enhanced resistance to spalling.

In terms of spalling extent, spalling began immediately in 50 mm
specimens and continued explosively for 19 minutes until the flame had
penetrated the entire thickness, at which point the test was stopped. For
the 20 mm specimens, spalling also started at the beginning of the test
and the full thickness was spalled within 12 minutes. The surface profile
volume for the 20 mm specimens showed a 313 % increase compared to
the PPOPE2BF0 mix, whereas the 50 mm specimens demonstrated a
634 % increase. This severe spalling can be attributed to two primary
factors. First, unlike PE or PP fibres, which melt at relatively low tem-
peratures and have lower bonding with the matrix, basalt fibres remain
intact due to their high melting point and exhibit strong bonding with
the matrix. While this might contribute to better residual strength, it
prevents the formation of a well-distributed network of voids needed for
effective vapour pressure relief, causing pressure buildup and explosive
spalling. Second, basalt fibres tend to agglomerate, which further dis-
rupts uniform channel formation and exacerbates internal stress
buildup. These results highlight the inadequacy of this commonly
adopted hybrid fibre dosage in providing sufficient spalling resistance
under 1-D fire exposure.

Small amounts of PP fibres were further added to improve spalling
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resistance as this addition doesn’t significantly increase the cost or
compromise room temperature mechanical properties. As shown in
Fig. 12, the addition of just 0.3 % PP fibre (PP0.3PE1.25BF0.75) led to a
substantial improvement in spalling resistance. Both 50 mm and 20 mm
thick panel specimens exhibited only minor surface spalling, with a
maximum spalling depth of 5-6 mm. In the 50 mm thick panels, spalling
was observed for the first 4 minutes, while in the 20 mm panels, it
ceased after 6 minutes. The surface profile volume also decreased by
87 % for the 20 mm thick panels and by 96 % for the 50 mm thick panels
compared to the PPOPE1.25BF0.75 mix, and the performance was also
found better than mix PPOPE2BFO.

Increasing the dosage of PP fibres to 0.5 % also improved spalling
resistance compared to the PPOPE1.25BF0.75 mix. However, the per-
formance was slightly inferior to the PP0.3PE1.25BF0.75 mix. This ef-
fect was more pronounced in the 50 mm thick panel specimens, which
experienced a maximum thickness loss of 26 mm due to spalling
(Fig. 13). Spalling began at the start of the test and continued for
16 minutes before stopping completely. Notably, spalling only
continued until the embedded thermocouple was exposed and stopped
afterward, suggesting that the discontinuity caused by the thermocouple
embedment (due to the difference in material properties) might have
contributed to this effect rather than the fibre itself. For the 20 mm thick
panel specimens, the effect of fibre dosage was more evident. Spalling
began 2 minutes into the test and only lasted for 8 minutes, resulting in a
10 mm thickness loss. The surface profile volume decreased by 85 % for
the 20 mm thick panels and by 67 % for the 50 mm thick panels
compared to the PPOPE1.25BF0.75 mix. However, this performance was
not as effective as that achieved with the PP0.3PE1.25BF0.75 mix.
Overall, the results indicate that adding PP fibre may significantly
improve the spalling resistance and with the appropriate choice of fibre
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Fig. 14. Picture (left) and surface profile (right) of mix PPOPE1.25(9)BF0.75 — 300 x 300 mm panel specimens after 1-D blowtorch test.

type and dosage, spalling resistance can be substantially enhanced
without compromising room temperature and residual performance.

4.2.4. Hybrid ECC with different lengths of PE fibre

Since full thickness explosive spalling was observed in the mix
PPOPE1.25BF0.75 (with 12 mm PE fibre length), further analysis was
conducted with different fibre lengths to determine if spalling resistance
could be improved by changing the fibre length. When replacing the
12 mm fibres with 9 mm fibres in mix PPOPE1.25(9)BF0.75, the speci-
mens still experienced full thickness spalling in both 20 mm and 50 mm
panel specimens (Fig. 14). Additionally, the spalled area was larger
compared to specimens with 12 mm PE fibres. In the 50 mm specimens,
full thickness spalling occurred at the 27th minute, while the 20 mm
specimens exploded suddenly at the 13th minute. The profile volume of
the 20mm thick specimens was comparable to the mix
PPOPE1.25BF0.75, but this volume significantly increased (by 34 %) for
the 50 mm thick specimens. This indicates that 9 mm fibres were inef-
fective and confirms that shorter fibres may not contribute effectively to
the formation of interconnected network of channels.

For 18 mm PE fibre specimens (PPOPE1.25(18)BF0.75), spalling
resistance was found to be greatly improved. 50 mm specimens did not
experience complete spalling, although spalling continued throughout
the 30-minute test, reaching a maximum spalled thickness of 32 mm
(Fig. 15). The effect was less severe for the 20 mm specimens, where
spalling occurred only during the first 5 minutes of the test, causing
minor damage with a thickness of 6 mm before stopping. The spalled
volume also decreased by 93 % for the 20 mm thick specimens
compared to the PPOPE1.25BF0.75 mix, while the reduction was 27 %
for the 50 mm specimens. These results further confirm that decreasing
the fibre length (at constant diameter) does not positively affect spalling
resistance, whereas increasing the fibre length may improve spalling
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resistance, possibly due to a better network of channels.
5. Spalling resistance of ECC: 3-D exposure test and analysis
5.1. 3-D fire test

The 3-D heating test or the furnace heating test involved placing ECC
specimens in a furnace where they were subjected to elevated temper-
ature to mimic ISO 834 standard fire curve as shown in Fig. 16. The
heating rate and duration were carefully controlled to match the stan-
dard rate, and temperature data was continuously recorded using Type-
K thermocouples placed at various locations in the furnace and on the
specimen surfaces. After reaching the target temperature of 800°C, the
specimens were held at this temperature for a total test duration of
30 minutes. Subsequently, the specimens were cooled naturally and
analysed for the extent of spalling and other damages after 24 hours. The
surface profile was also drawn for any spalled specimens using the
previously described method. ECC specimens with varying thickness (at
constant surface area) 300 x 300 x 50 mm and 300 x 300 x 20 mm as
well as specimens with varying cross section area (at constant thickness)
200 x 200 x 50 mm and 100 x 100 x 50 mm were also considered to
analyse the individual effect of these parameters. Additionally,
50 x 50 x 50 mm cubic specimens were exposed to this higher rate of
fire heating to further compare the results with those from specimens
exposed to lower heating rate. Overall, the 3-D exposure test provides
uniform heating, better replicating real fire scenarios, and accommo-
dates larger specimens, but is more expensive and time-consuming,
requiring specialized equipment and facilities.
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5.2. 3-D spalling test results and analysis thick specimens were not completely broken, they still showed major
cracks on both sides and broke as soon as the panel was put down after
5.2.1. Mortar without fibres (Mix PPOPEOBF0) testing. The observed disintegration is consistent with the 1-D test and
Similar to the behaviour observed under 1-D exposure, the 50 mm may have been due to the inability of the porous matrix to effectively
panel specimen without any fibre (PPOPEOBFO0) suffered extensive manage thermal stresses and vapour pressure, confirming that fibre
cracks and disintegrated after exposure (Fig. 17). Although the 20 mm reinforcement is critical for maintaining material integrity under fire
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Fig. 17. Mix PPOPEOBFO - 300 x 300 mm panel specimens after 3-D expo-
sure test.

exposure.

5.2.2. Mix with low melting point polymer fibres (Mix PPOPE2BF0 and
PP0.5PE2BFO0)

Panel specimens with only low melting point polymer fibres
(PPOPE2BF0 and PP0.5PE2BF0) did not experience major spalling. Only
minor surface spalling and visible cracks were observed, as shown in

PPOPE2BF0 - 20 mm PPOPE2BF0 - 50 mm
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Fig. 18. Both mixes (with 2 % PE fibres and hybrid 2 % PE + 0.5 % PP
fibres) exhibited similar behaviour for specimens of the same thickness.
In the 50 mm specimens, minor surface spalling occurred along with
significant cracking. In contrast, the 20 mm specimens did not undergo
any spalling but displayed one major crack extending from the centre to
one end, along with some minor cracks. This difference might be due to
the easier dissipation of pore pressure in the thinner specimens, while
the thicker specimens experienced prolonged exposure to pore pressure
buildup, resulting in more cracks. However, the network of channels due
to fibres was still sufficient to release the pore pressure.

5.2.3. Hybrid ECC with Low and high melting point fibres

The effect of hybrid ECC with PE and basalt fibre under 3-D fire
exposure was further analysed. In the 50 mm panel specimens for mix
PPOPE1.25BF0.75, significant spalling occurred at one end (occurring
within first 5 minutes of test), along with minor surface spalling and
major cracks (Fig. 19). In contrast, the 20 mm specimens only showed
major cracks. When these specimens were reinforced with 0.3 % and
0.5 % PP fibres, only major cracks were observed, with no visible spal-
ling. The same effect was observed in the 20 mm specimens, which also
did not suffer any apparent major cracks. Notably, the spalling behav-
iour observed under 3-D exposure was consistent with the trends ob-
tained from the 1-D tests. However, it is worth noting that under 1-D fire
exposure, the same hybrid mix (PPOPE1.25BF0.75) underwent full-

PP0.SPE2BF0 - 20 mm PP0.SPE2BF0 - 50 mm

Fig. 18. Mix PPOPE2BFO and PP0.5PE2BF0 - 300 x 300 mm panel specimens after 3-D exposure test.

PP0.3PE1.25BF0.75 — 50 mm

PP0.3PE1.25BF0.75 - 20 mm

PP0.5PE1.25BF0.75 — 20 mm PP0.5PE1.25BF0.75 — 50 mm

Fig. 19. Mix PPOPE1.25BF0.75, PP0.3PE1.25BF0.75 and PP0.5PE1.25BF0.75 — 300 x 300 mm panel specimens after 3-D exposure test.
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Fig. 20. Mix PPOPE1.25(9)BF0.75 and PPOPE1.25(18)BF0.75 — 300 x 300 mm panel specimens after 3-D exposure test.
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thickness spalling. This discrepancy is likely due to the different expo-
sure conditions: under 1-D exposure, heating is unidirectional, making
spalling behaviour highly dependent on mixing conditions, fibre-matrix
bonding, and the degree to which fibres decompose to form continuous
vapour-release channels. In contrast, 3-D exposure heats the specimens
from all sides, facilitating the formation of a more continuous network of
channels for vapour escape and thus reducing the severity of spalling.
Nevertheless, the occurrence of spalling in PPOPE1.25BF0.75 under 3-D
conditions confirms that the 1-D test also provides an accurate predic-
tion of spalling behaviour, further affirming its reliability as a testing
method.

5.2.4. Hybrid ECC with different lengths of PE fibre

When 12mm PE fibres were replaced with 9 mm fibres while
maintaining the same total dosage (PPOPE1.25(9)BF0.75), spalling was
observed in both 20 mm and 50 mm panel specimens as shown in
Fig. 20. The spalling sound was heard for initial 3-5 minutes of the test
and the resulting explosion was found to be very severe in both thick-
nesses, suggesting that the 1.25 % dosage was insufficient for the 9 mm
fibres to create a connected network of channels necessary for pore
dissipation. On the other hand, when PE fibre length was increased to
18 mm, only end spalling was noted, and the performance was better
compared to the 12 mm fibre specimens. A further comparison can be
made of the surface profile of 50 mm panel specimens for the mixes with
different fibre lengths (Fig. 21). The profile clearly shows significantly
more spalling in the 9 mm PE fibre specimens than in the 12 mm and
18 mm fibre specimens. These results also align with those from the 1-D
exposure tests, suggesting that increasing fibre length at a fixed dosage
may enhance spalling resistance.

5.3. Spalling resistance of varying sized panels (3-D exposure test)

The effect of specimen surface area on spalling resistance was
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Fig. 21. Surface profile of 300 x 300 x 50 mm panel specimens of hybrid PE and basalt fibre mixes after 3-D exposure test.

analysed by comparing 100 x 100 x 50 mm and 200 x 200 x 50 mm
panels under 3-D exposure. As shown in Fig. 22, specimens without fi-
bres developed cracks similar to those of the larger surface area speci-
mens; however, their integrity remained intact in both sizes. Comparing
these with 300 mm specimens, it is evident that crack intensity
decreased as the surface area decreased across all mixes. The
300 x 300 x 50 mm specimens experienced the highest intensity of
cracks, followed by the 200 x 200 x 50 mm and 100 x 100 x 50 mm
specimens.

Mix with 2 % PE fibre (PPOPE2BF0) exhibited varying effects for
different sizes. Larger specimens of 300 mm and 200 mm experienced
surface spalling, whereas the 100 mm specimens only had minor cracks.
The same pattern was observed for the mix PP0.5PE2BF0, where
100 mm specimens showed no spalling or cracks, but surface spalling
was visible in the 300 mm specimens. The effect was more pronounced
for hybrid fibre-reinforced specimens. For 12 mm length PE fibre hybrid
ECC specimens (PPOPE1.25BF0.75), spalling occurred in both 300 mm
and 200 mm specimens, whereas 100 mm specimens showed no
observable spalling. A similar effect was noted for specimens with 9 mm
PE fibre (PPOPE1.25(9)BF0.75). The 18 mm length PE fibre (PPOPE1.25
(18)BF0.75) specimens did not show any spalling in the 200 mm or
100 mm specimens but exhibited side spalling in the 300 mm speci-
mens. The spalling in PPOPE1.25BF0.75 was also mitigated with the
addition of PP fibres (PP0.3PE1.25BF0.75 and PP0.5PE1.25BF0.75).

Overall, these findings indicate that the exposed surface area criti-
cally affects spalling resistance and crack propagation. As the surface
area decreased, the tendency for spalling significantly reduced, and the
100 x 100 x 50 mm specimens did not experience any spalling irre-
spective of the fibre dosage or type. Furthermore, crack intensity also
decreased with a reduction in the exposed area of the specimen.
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Fig. 22. Comparison of spalling in different sized specimens with 50 mm thickness (Note: The front surface shown depicts the full surface area of each specimen).
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Fig. 23. Microstructure of PPOPEOBFO mix after 1-D fire exposure.

5.4. Effect of heating profile (3-D exposure test)

The effect of heating rate was assessed by comparing the surface
profiles of 50 mm cubes subjected to ISO curve heating and low-rate
heating (2 °C/min) to 800°C. As can be seen from Fig. 22, 50 mm
cubic specimens did not exhibit spalling at either heating rate, with the
exception of the PPOPE2BF0 specimens, which showed minor surface
spalling in only one of the three specimens tested. This suggests that the
heating rate effect may not be as pronounced in smaller cubic specimens,
which are commonly used in elevated temperature studies. Additionally,
crack propagation could not be clearly compared in these small cubes.
Therefore, for a more effective investigation of spalling resistance, larger
specimens should be used.

15

6. Spalling mechanism in single or hybrid fibre reinforced PE-
ECC

The experimental results demonstrate that the spalling behaviour of
ECC is strongly influenced by fibre dosage, type, and distribution, as well
as specimen size. For instance, incorporating 2 % PE fibres effectively
prevented major spalling, whereas a hybrid mix with 1.25% PE
(12 mm) and 0.75 % basalt fibres failed to provide sufficient resistance
despite exhibiting superior residual strength. Although moisture content
is often cited as a key factor affecting spalling, all specimens in this study
maintained a similar moisture range (5.9-6.5 %), indicating that dif-
ferences in spalling behaviour may not be due to moisture variability.
Moreover, the absence of spalling in mortar specimens indicates that the
microstructure was less dense even before fire exposure and the crack
formation under fire (as shown in Fig. 23) might have allowed pore
pressure to escape more easily. Therefore, the difference in behaviour
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might have been primarily due to the difference in type and dosage of
fibres.

Under 1-D fire exposure, spalling occurred in successive layers
(stages), potentially due to moisture clog formation as shown in Fig. 24.
In mixes without fibres, the matrix is homogenous, and the voids and
permeability are more uniform, meaning the behaviour is mainly
dependent on the density of the microstructure. However, in fibre-
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reinforced mixes, the introduction of fibres creates non-homogeneity
in the material, which affects the ability of the specimen to resist spal-
ling. Depending on their properties and distribution, fibres either hinder
or assist pore pressure dissipation. Fig. 25 further illustrates temperature
distribution in one of the specimens (mix PP0.5PE1.25BF0.75), showing
that even at the end of the spalling period, the temperature of the core
only reached 120°C, while the backside was around 50°C. Since the
melting points of both PE and PP fibres are higher than these tempera-
tures, melting alone was unlikely to fully prevent spalling. Instead,
factors such as fibre distribution, melt viscosity, thermal expansion, and
fibre-matrix bonding were crucial as described below.

6.1. Fibre-matrix bonding and thermal expansion

Fibre-matrix bonding and the thermal expansion of fibres signifi-
cantly influence spalling behaviour, particularly under 1-D heating. PP
fibres bond weakly with the cementitious matrix, and PE fibres also have
poorer bonding compared to basalt fibres [37]. This weak adhesion can
create spaces that facilitate water or vapour transport (pressure-induced
tangential space or PITS), aiding pore pressure dissipation [38]. In the
mix PPOPE1.25BF0.75, there were two fundamental issues: PE fibres did
not form a continuous network, hindering pore pressure dissipation, and
the basalt fibres further obstructed this network due to their strong
bonding with the matrix. However, increasing the PE fibre length to
18 mm significantly improved behaviour, likely because longer PE fibres
were able to form a more effective interconnected network for pore
pressure dissipation through PITS. Additionally, the thermal expansion
coefficients of the fibres (before melting) played a role. Generally, PP
fibres have a higher thermal expansion coefficient than PE fibres, while
basalt fibres are thermally stable below 200°C. As the temperature rises,
the mismatch in thermal expansion between the fibres and the matrix
can cause more cracking [39], which allows polymer fibres to aid in pore
pressure dissipation even without melting. This explains the better
spalling resistance observed in mixes PP0.3PE1.25BF0.75 and
PP0.5PE1.25BF0.75.

6.2. Fibre melting, vaporisation and melt viscosity

For 3-D exposure, where heating occurs from all directions, fibre
melting can contribute to the formation of a more continuous network of
voids for vapour release. However, even if certain parts of the specimen
exceed the melting point of polymer fibres, factors such as melt viscosity
and vaporisation point are crucial in determining their effectiveness. For
instance, PE fibres have a lower melting point than PP fibres (PE: 159°C
vs PP: 175°C, as shown in Fig. 26), which suggests that all specimens,
including those with hybrid PE-basalt fibres, should exhibit better
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spalling resistance if fibre melting was the primary factor. However, PE
fibres have significantly higher melt viscosity [40] and vaporisation
points (PE: 412-489°C, PP: 379-461°C), which limits their effectiveness
in comparison to PP fibres. Therefore, fibre melting alone is not the sole
mechanism responsible for spalling resistance—melt viscosity and
vaporisation point must also be taken into account. Basalt fibres, with
their very high melting points, do not contribute to this mechanism. This
was also the reason of better spalling resistance of PPOPE2BF0 and
PP0.5PE2BFO0 under both 1-D and 3-D exposure.

6.3. Fibre distribution

The distribution of fibres also plays a critical role in spalling resis-
tance. While the overall flow can be controlled, precise fibre distribution
is difficult to achieve. PP and PE fibres are generally more uniformly
distributed, helping to create a more interconnected network. However,
basalt fibres are less effective at forming this network due to their
agglomeration (as seen in Fig. 27), which may explain why the inclusion
of 0.75 % basalt fibre did not enhance spalling resistance.

Overall, the mechanism involves the buildup of pressure and asso-
ciated spalling, which can only be resisted if a network is formed inside
the matrix to transfer the vapours. This may also explain the better
spalling resistance observed in smaller-sized or thinner specimens due to
the shorter required network. Under 1-D exposure, this network is more
likely to form when the fibres do not strongly adhere to the matrix,
making PP and PE fibres effective in that order. Additional matrix de-
fects and the thermal expansion of the fibres may further aid this pro-
cess. Since both PP and PE fibres have higher thermal expansion
coefficients (PP > PE), they help dissipate pore pressure even without
melting and their melting plays a less significant role because only a
limited area reaches high temperature. However, fibre melting may be
beneficial under 3-D fire exposure. Nonetheless, it should be noted that
fibre melting should be considered along with melt viscosity and
vaporisation point. The lower melt viscosity of PP fibre makes it more
advantageous than PE fibre. Finally, fibre distribution is also crucial as
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fibres that form clogged networks can hinder the dissipation mecha-
nism. Additionally, smaller specimens (50 x50 mm, 100 x100 mm)
may not effectively represent spalling sensitivity, as the network of
interconnected channels may be more effective due to the shorter path.
Therefore, spalling testing should preferably be conducted on larger
specimens, such as 300 x 300 mm.

7. Conclusion

This study systematically analysed the performance of single and
hybrid PE fibre-reinforced ECC under fire exposure. The composites
were examined at both the material and structural scales to understand
its residual mechanical performance and spalling resistance, as well as to
gain further insights into the underlying mechanism. The paper also
developed a 1-D spalling test, which was used for spalling test, and the
test results were compared with those from the 3-D exposure tests. Based
on the result analyses and findings, the following conclusions can be
drawn:

e The developed 1-D blow torch test, with standardized parameters

(nozzle diameter, specimen size, and distance), was demonstrated to

be a simple but reliable and cost-effective method for assessing

spalling resistance. The obtained test results closely correlated with
those from 3-D tests conducted in this study.

Material-scale testing demonstrated the superior performance of PE-

ECC with 2 % PE fibre, achieving superior compressive and tensile

strength both at room and elevated temperatures. Addition of basalt

fibres as replacement to PE fibres further enhanced compressive
strength and tensile strength retention at elevated temperatures but

did not improve strain-softening behaviour, as failure occurred in a

single crack mode.

e The 300 x 300 x 50 mm panel with 2 % PE fibre content exhibited a
maximum spalling depth of 9 mm under 1-D exposure and showed
minor surface spalling under 3-D exposure. However, the hybrid
combination of 12 mm 1.25 % PE fibre and 12 mm 0.75 % basalt
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fibre did not provide adequate spalling resistance, as specimens
spalled to full thickness under 1-D exposure. Improved spalling
resistance was achieved by increasing the PE fibre length to 18 mm
or by adding 0.3 % PP fibre. This indicates that PE fibres were crucial
in reducing spalling, while basalt fibres showed limited effectiveness.
This was likely due to their strong bonding with the matrix, poor
distribution, and high thermal stability, all of which hindered the
formation of effective vapour-release channels.

Spalling resistance was found better for panel specimens with lower
thickness (20 mm) and smaller surface area (50 x50, 100 x100,
200 x200), emphasizing the importance of specimen size in accu-
rately capturing spalling sensitivity. For accurate assessment, the 1-D
test with 300 x 300 x 50 mm specimens should be preferred.

In PE fibre-reinforced ECC, fibre melting alone is not sufficient for
enhancing performance. Key factors influencing spalling resistance
include fibre distribution, melt viscosity, and vaporisation point.
Under 1-D exposure, fibre distribution is crucial for generating PITS,
whereas under 3-D exposure, the melting characteristics of fibres,
such as melt viscosity and vaporisation point, play a more significant
role.
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