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ABSTRACT

This article discussed the post-fire damage to concrete materials by analysing the mechanical parameters and
damage mechanisms of concrete reinforced with polypropylene (PP) fibres. The tested material is offered as a
construction product and is approved for sale. The effect of different fire temperatures on the material performance
was analysed in laboratory tests using the acoustic emission (AE) method. The analyses showed that the samples
stored under ambient conditions exhibited ductile flexural fracture, whereas those exposed to fire temperatures
exhibited brittle fracture. The number of AE cracks is strongly correlated with loading conditions. The b value ef-
fectively indicates the nature of the damage, serving as an early warning indicator. AF-RA images suggest that fire
temperatures accelerate and intensify shear cracking. The AE method has potential as a diagnostic technology for

post-fire conditions in PP fibre-reinforced concrete.

INTRODUCTION

Concrete is widely used in construction, but
its properties degrade under extreme conditions,
such as fire and high temperatures. The factors in-
fluencing the degree of concrete damage at high
temperatures include, among others, the rate of
temperature rise, maximum temperature, expo-
sure time, cooling rate, post-cooling conditions,
and structural loading. In practice, these condi-
tions can be difficult to predict and control, com-
plicating the assessment of the resistance of con-
crete to heat [1-4].

High temperatures negatively impact the
properties of most cement composites. Concrete
structures may also be susceptible to thermal
spalling, also known as spalling. This phenome-
non affects the concretes with a low water-to-ce-
ment ratio, high compressive strength, and a
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dense cement matrix. It leads to the detachment
of large fragments, reducing the load-bearing ca-
pacity of the structure and posing a safety risk to
rescuers [5,6].

Effective methods of protection against ther-
mal spalling include the use of thermal barriers
(e.g., fireproof insulation), the addition of poly-
propylene (PP) fibres, air-entraining agents, and
low-thermal-expansion aggregates. Numerous
studies confirm the positive effect of PP fibres on
spalling reduction [7,8].

The addition of PP fibres in the amount of
1-2 kg/m? (which is approximately 0.4-0.8% of
the cement paste volume) allows the formation
of channels after the fibres melt, through which
water vapour is released, which prevents pressure
build-up and the explosion of spatter. Optimal
fibre dispersion in the mixture is ensured by the
coatings that reduce the hydrophobicity of the
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fibres (e.g., fatty acid esters) [9,10]. Concrete
damage during a fire depends on factors such as
structural and material parameters as well as the
temperature curve. Assessing the technical condi-
tion after a fire requires an analysis of the reduced
load-bearing capacity of the structure, based on
reduced material parameters. This allows for deci-
sions to be made about repairing or strengthening
the structure, rather than demolishing it [11-13].

Diagnosing the condition of concrete after fire
involves in-situ and laboratory testing. Non-de-
structive methods, such as ground-penetrating ra-
dar (GPR) and magnetic surface wave analysis
(MASW), enable the assessment of material proper-
ties and the localisation of damage. However, these
technologies require further research in the context
of fire. Laboratory tests to determine the depth of
degradation and mechanical properties of concrete
include microscopy, X-ray diffraction, thermolumi-
nescence, and chemical analysis [14,15].

Acoustic emission (AE) is an increasingly
common method for monitoring the condition
of concrete structures. AE detects micro-move-
ments and the development of defects, enabling
assessment of the entire element and localisation
of damage. Due to its high sensitivity, this method
is useful in identifying destructive processes un-
der load, including in the concretes modified with
PP fibres. Research results also indicate that AE
can be an effective tool for assessing the technical
condition of concrete after a fire, opening up new
directions in the diagnostics of building materials
and structures [16—20].

The procedures for the use of AE are codi-
fied in technical standards [21,22]. AE studies
are conducted for in-situ monitoring of concrete
structures and laboratory evaluation of build-
ing materials. AE allows the detection of elastic
waves generated by sudden local changes in the
material resulting from deformation, crack initi-
ation, and microstructural transformations. This
method provides precise information on the time
and load of damage, enabling analysis of the en-
tire material volume [23-28].

The AE methodology enables accurate char-
acterisation of material damage by analysing
waveform features. According to the literature,
the mechanisms and extent of concrete dam-
age can be assessed using AE parameters, such
as ringing counts, energy, b-value analysis, and
AF-RA correlation analysis [29-31]. Previous
studies on PP fibre-reinforced concrete using the
acoustic emission method have primarily focused

on determining the effect of varying the content
of reinforcing fibres, additives, and admixtures
on the acoustic activity of materials. The effect
of fire temperatures on PP-reinforced concrete
has also been analysed. Changes in the acoustic
response of samples have been examined, with
a focus on the analysis related to the division of
recorded signals into classes and the assignment
of individual groups of events to processes occur-
ring in the material structure [17,32-34].

In addition to the AE-based analyses, several
studies have examined the thermal performance,
failure mechanisms, and rehabilitation of structural
members exposed to high temperatures. Abdullah
and Lateef [35] presented an innovative method
for reinforcing beams made of different types of
concrete using cross-rod steel bracing under pure
torsion, highlighting improved load transfer and
ductility. Major et al. [36] investigated the heating
of steel structures during fire loading, providing
important insights into thermal gradients and heat
transfer mechanisms relevant to composite con-
crete—steel behaviour. Djamaluddin et al. [37] ana-
lysed the flexural behaviour of repaired reinforced
concrete beams damaged by reinforcement corro-
sion and strengthened using grouting and FRP sheet
systems, which may also serve as effective tech-
niques for post-fire rehabilitation. These studies
broaden the background of post-fire structural per-
formance and complement AE-based approaches
aimed at damage diagnosis and strength evaluation.

This article discussed three-point bending tests
performed on PP fibre-reinforced concrete stored at
ambient temperature and exposed to fire tempera-
tures. The acoustic emission method was used in
the study. The mechanical strength and deformation
under load of the material were analysed, along
with the failure mechanism. The influence of the
specified conditions on commonly used indicators
in the acoustic emission method was also verified.
This approach demonstrated differences and pro-
vided a preliminary assessment of the feasibility of
using the acoustic emission method in assessing PP
concrete in post-fire conditions. No similar research
approach has been undertaken to date.

MATERIALS AND METHODS

Materials

The tests were conducted on concrete beams
measuring 50 x 50 x 300 mm. The material was
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composed of concrete with the addition of dis-
persed polypropylene fibres. The general param-
eters of the mix are as follows: cement CEM I
42.5 R (=349 kg/m®), water-to-cement ratio
0.49, aggregate fractions 0/4-48%, 4/8-9.5%,
8/16-42.5%, PCE-type superplasticiser ~0.32%
by cement weight, air content =1.25%, and den-
sity =2406 kg/m?. Polypropylene fibres (12—19
mm, 0.6-0.9 kg/m®) were added according to EN
14889-2 recommendations.

Four series of samples were tested. The sam-
ples from the first group (PPR) were stored at
ambient room temperature (£20 °C). The sam-
ples from the second test series (PPF1) were
fired in a laboratory furnace. The processing
temperature was 300 °C. The holding time from
reaching the target temperature was 3 hours.
The samples from the third test series (PPF2)
were fired in a laboratory furnace at 450 °C. The
holding time from reaching the target tempera-
ture was 3 hours. The samples from the fourth
test series (PPF3) were fired in a laboratory fur-
nace at 600 °C. Once the target temperature was
reached, the samples were held for 3 hours to
achieve a nearly uniform core temperature be-
fore cooling and testing. This approach is con-
sistent with steady-state testing, where the tem-
perature is “held until a thermal steady state is
reached,” and falls within the typical soak times
reported in the literature (1-3 hours depending
on the test program) [38,39].

Methods

Mechanical performance test

According to ASTM procedure [21] three-
point bending tests were performed sequentially.
A Zwick-Roell servo-driven electric testing ma-
chine was used, with a loading speed of 0.5 mm/
min. During the real-time tests, the following sig-
nals were recorded: test time, load force on the
sample, and displacement of the strength testing
machine traverse. As a result of the three-point
bending test, the stress-strain relationships in the
nominal system were determined.

AE monitoring method

The AE monitoring system is shown in Fig-
ure 1. The system consisted of an AEWin Ex-
press-8 processor and two Vallen VS75-SIC-34
dB sensors. Each sensor had a built-in preampli-
fier. Technical silicone was used as the coupling
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medium. To exclude excessive external interfer-
ence [17,19], a 45 dB threshold was used. Data
collection occurred at a frequency of 1 MHz. The
data were displayed in real time on a computer
screen and saved immediately after testing.

Analysis of acoustic emission (AE) parameters

AE signals collected by the system are char-
acterised by energy and frequency parameters.
For the analyses presented in this manuscript,
the number of impacts (RC), amplitude (A),
rise time (RT), and duration (D) were taken into
account directly and indirectly (Figure 1). RC
refers to the acoustic activity level (AE), cor-
relating with the intensity of internal concrete
damage development and its real-time changes.
A is related to the maximum instantaneous val-
ue of the AE signal and reflects the intensity of
individual AE events related to crack propaga-
tion and transformation. RT and D capture the
dynamic material damage process and enable
inference regarding the crack damage pattern
[29,31]. The choice of these parameters stems
from the well-established use of these indicators
in concrete testing. This approach is supported
by the literature [30,40,41].

The initiation and development of internal
defects and cracks in the cement matrix is asso-
ciated with the formation of AE events (as elas-
tic waves) with variable amplitude. Therefore,
the relative b-value can be used to assess the de-
gree of damage to the concrete [29]. Equation
1 presents a method for calculating the b-value
according to the Gutenberg-Richter law [29].
Considering that the b-value is sensitive to fine
cracks, which affects the speed of analysis, the
b-value calculation was performed using a group
of 50 AE impacts.

Concrete failure in bending results from the
combined effect of tension and shear. By ana-
lysing the rise angle (RA) and mean frequency
(AF), the main failure mode of the structure can
be identified. The formulas for calculating both
parameters are presented in Equations 2 and 3
[29-31]. In tensile failure, elastic energy is re-
leased rapidly, resulting in short RT and D times
and high A. This results in the relationship RA <
AF. In shear failure, energy is dissipated through
sliding friction of cracks, which is associated with
longer RT and D times and leads to the relation-
ship RA > AF. The diagonal of the graph can be
used as a mode boundary (Figure 1) [31].
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Figure 1. Schematic diagram of the research

RESULTS AND DISCUSSION

Stress-strain relationships

In order to determine the behaviour of the ana-
lysed material under load, a laboratory testing pro-
gramme was developed. It included tests carried
out according to a three-point bending test scheme.
Samples in the form of beams with nominal dimen-
sions of L =300 mm, B =50 mm, W= 50 mm (ac-
cording to the diagram in Figure 2 were prepared
for testing [42]. The samples were made of poly-
propylene (PP) fibre-reinforced concrete, which
was exposed to fire temperatures according to the
assumptions presented in the first part of this work.
The laboratory tests were accompanied by the re-
cording of acoustic emission signals. As a result of

three-point bending tests carried out on the sam-
ples made of polypropylene fibre-reinforced con-
crete (PP), nominal stress-strain relationships were
determined using the following relationships:

FS
M, =— 4
b= )
_6M,
Onom = W (5)
6ubB
E€nom = 52 (6)

where: M, —bending moment; /' — load applied to
the sample (beam); S — spacing between
supports in the test; 6 — nominal stress;
B — sample thickness; W — sample height;
€ ,— nominal strain; u — sample deflection.
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F

Figure 2. Schematic diagram of samples accepted for
three-point bending tests

The nominal curves in the stress-strain re-
lationship determined as a result of three-point
bending tests are shown in Figure 3a. The high-
est level of nominal stresses was characteristic
of the PP fibre-reinforced concrete in its initial
state (without temperature influence), amounting
to 15 MPa. Exposing the concrete material to a
fire temperature of 300 °C (PPF1) resulted in a
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reduction in stresses of approx. 28% in the three-
point bending test, to a level of approx. 11 MPa.
On the other hand, the nominal deformations at
the moment of failure increased twice for the an-
nealed material compared to the initial material.
A significant decrease in stresses occurred when
the annealing temperature of concrete was in-
creased above 300 °C (i.e. 450 °C and 600 °C). In
both cases (PPF2 and PPF3), the nominal stresses
did not exceed 0.4 MPa. Exposing the PP fibre-
modified concrete to increasingly higher tem-
peratures led to a significant increase in the de-
formation values at the moment of sample failure
during the test. This is identified with the impact
on the ductility of the finished material of the PP
fibres used, which undergo increasing melting as
a result of thermal exposure.

Important partial information from the point
of view of the adopted methodology for assessing
the impact of fire temperatures on the PP fibre-
modified concrete can be obtained by analysing
the condition of the samples after three-point
bending tests (Figure 3b, c, d, e). When test-
ing the initial material (PPR) and the samples
exposed to heat at a temperature of 300 °C, no

Figure 3. Results of three-point bending tests: (a) stress-strain relationship, views of the samples after testing for
material marked: (b) PPR, (c) PPF1, (d) PPF2, (e) PPF3

26



Advances in Science and Technology Research Journal 2026, 20(4), 22-34

significant cracks or spalling of the material
were observed (Figure 3b, ¢). The macroscopic
appearance of the samples after testing differed
for the PPF2 and PPF3 heat exposure variants. In
both cases, cracks spreading across the surface
of the samples are visible, changing direction as
the load progresses. For the samples annealed at
450 and 600 °C, the cracks were located at the
lower edges of the samples (Figure 3 d, ¢). The
results of the laboratory tests have become a valu-
able source of information which, together with
acoustic emission signal analyses, will allow for
the assessment of PP fibre-modified concrete after
exposure to fire temperatures.

Damage characterisation based on AE signals
Ringing counts

Figure 4 presents the evolution of ringing
counts and load over time for all samples subject-
ed to bending. The table summarises the charac-
teristic points of the failure process — the end of
the elastic range, the moment of maximum load,
and the point of fracture. A combined analysis of
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these parameters makes it possible to assess the
relationship between load development and the
acoustic activity of the material.

For the PPR (reference) sample, the end of
the elastic range occurs at approximately 2358 s,
at a load of about 2484 N. At this point, a no-
ticeable increase in ringing counts is observed,
corresponding to the initiation of microcracks in
the cement matrix. Subsequently, the number of
counts increases progressively along with the ris-
ing load, up to the point of maximum load. At the
peak load, a rapid increase in AE activity occurs,
caused by fibre debonding and pull-out processes,
as polypropylene fibres start to transfer stresses
across the cracks [18,20]. After exceeding the
maximum load, both the load and AE activity
decrease. At the fracture point (around 3456 s),
a short and intense AE burst corresponds to the
final rupture of the specimen.

In the case of PPF1 (heated to 300 °C), the
end of the elastic range appears much earlier —
after about 585 s — and the maximum load reach-
es 642 N, with complete failure at 651 s. Despite
the lower load capacity, the AE pattern is similar
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Figure 4. Bending load-time curves with ringing counts results: (a) PPR, (b) PPF1, (c) PPF2, (d) PPF3
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to that of the reference sample: a distinct increase
in ringing counts during the transition from elas-
tic to plastic behaviour and a sharp rise near the
maximum load. This suggests that PP fibres did
not undergo significant oxidation at 300 °C and
retained their ability to bridge cracks and transfer
stresses [18,20].

For the PPF2 sample (450 °C), the end of the
elastic range occurs at 825 s, with a correspond-
ing load of about 997 N. Elevated AE activity is
already observed at this stage, indicating early
microcracking and partial degradation of the fi-
bre-matrix interface. At maximum load, AE ac-
tivity remains high but irregular, suggesting dis-
persed matrix cracking and weakened bonding
between the fibres and the cement matrix. After
reaching the load peak, the load decreases gradu-
ally, while the AE activity remains moderate —
the absence of a pronounced AE burst at fracture
(around 2007 s) confirms a progressive, non-
brittle failure mechanism. The PPF3 sample (600
°C) exhibits the most distinct behaviour. The end
of the elastic range occurs very early (361 s) ata
maximum load of only 585 N. At this stage, AE
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activity is already elevated and scattered, indicat-
ing premature cracking of the degraded matrix
and a complete loss of fibre—matrix adhesion. No
significant increase in AE activity is observed at
the maximum load — the AE signals remain mod-
erate, confirming that the fibres no longer effec-
tively transfer stresses. During fracture (around
1900 s), AE activity remains low and steady,
corresponding to a slow and diffused degrada-
tion process typical of materials without active
fibre reinforcement. In summary, as the exposure
temperature increases, a clear decrease in maxi-
mum load (from ~2484 N for PPR to ~585 N for
PPF3) and a shortening of the elastic phase are
observed. Simultaneously, the character of AE
activity changes — from distinct, event-driven
emissions in PPR and PPF1 to diffuse, irregular
AE activity in PPF2 and PPF3. The relationship
between load and ringing counts at characteris-
tic points clearly confirms the degradation of PP
fibres and the loss of their ability to effectively
bridge cracks under high-temperature condi-
tions, consistent with the mechanisms described
in previous studies [18,20].
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Figure 5. Dependence of InA and InRC for PPR and PPF samples: (a) PPR, (b) PPF1, (c) PPF2, (d) PPF3
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Amplitude versus ringing counts

The number of ringing events directly re-
lates to the frequency of events in the damage
process. In turn, the amplitude is related to the
intensity of individual AE events. Analysing the
correlation between amplitude and the number
of ringing events allows us to draw conclusions
about the development of concrete damage un-
der load.

Figure 5 shows the InA-InRC relationship for
the PPR and PPF samples under bending. The
linear fit coefficient R? measures the correlation
between these two parameters. When analysing
the obtained results, it can be concluded that the
correlation of these characteristics for the sample
stored at ambient temperature and the fired sam-
ples is similar. The strong correlation between
InA and InRC under bending load refers to the
homogeneous internal structure of the material.

The slope of the linear fit for the PPR and PPF1
samples is higher than for the PPF2 and PPF3
samples. The smaller exponent for the samples
exposed to 450 °C and 600 °C indicates that the
number of acoustic emission events increased with
amplitude, but at a slower rate than for the sample
stored at room temperature and fired at 300 °C.

It can be assumed that the fibres fired at tem-
peratures of 450 °C and 600 °C led to the forma-
tion and development of microcracks in the ce-
ment matrix and the propagation of macrocracks.
This resulted in the recording of acoustic emis-
sion signals similar to those observed in “pure”
concrete without fibres. The damage process was
more “single-stage” and less complex than in
concrete with fibres, as there was no mechanism
for fibres to “bridge” cracks.

The smaller exponent for samples PPF2 and
PPF3 indicates that in the concrete where fibres
oxidized due to fire temperatures, major damage
appears relatively faster, and acoustic emission
during the crack development phase is less com-
plex. It was found that in the material exposed to
450 °C and 600 °C, the cracking and damage de-
velopment process was more “step-like” and had
fewer stages — cracks formed and developed rap-
idly, resulting in fewer but stronger emission sig-
nals. The fibres in samples PPR and PPF1 acted as
stress bridges — slowing macrocrack development
and causing more microscopic damage. The ab-
sence of this mechanism in the concrete with oxi-
dised fibres means that cracks propagate faster, but
there are fewer “microscopic” emission events.’

B-value analysis

Fig. 6 presents the variation of the b-value for
the PPR and PPF samples subjected to bending
loads. The b-value characterizes the nature and
scale of damage in the material — high b-values
indicate the dominance of microcracking, while
low b-values correspond to the formation and
propagation of macrocracks [29].

For the PPR (reference) sample, the b-value
initially reached approximately 1.6-1.8, corre-
sponding to low-energy AE events associated
with microcracking of the cement matrix and the
onset of fibre debonding. As the load increased
(up to about 5000 N), the b-value gradually de-
creased to around 0.8-1.0, indicating damage
concentration and the growth of larger cracks. In
the final stage, just before failure (around 3450 s),
the b-value exhibited local fluctuations, reflecting
the unstable propagation of the dominant crack.
This behaviour confirms that the material tran-
sitioned from dispersed microcracking to failure
governed by a major macrocrack.

In the PPF1 sample (heated to 300 °C), the evo-
lution of the b-value was similar to that of the refer-
ence sample. Initially, the b-value reached around
1.6, corresponding to low-energy AE events caused
by friction and partial pull-out of fibres from the
matrix. As the load increased (up to about 3200—
3400 N), the b-value showed a gradual decrease but
remained above 1.0, indicating a dispersed damage
pattern. Near the maximum load, a sudden drop
followed by short fluctuations in b-value occurred,
corresponding to the initiation and development of
the main crack. This confirms that PP fibres were
not significantly degraded at 300°C and continued
to bridge cracks effectively, resulting in a more duc-
tile and controlled failure mechanism.

For the PPF2 sample (450 °C), the b-value
started at around 1.2, suggesting the predomi-
nance of microcracking in the weakened and
partially degraded matrix. As the load increased
(up to about 1000 N), the b-value rapidly dropped
to 0.6-0.8, indicating damage concentration and
the formation of larger cracks. After reaching the
maximum load, the b-value remained low, dem-
onstrating that the damage was dominated by a
single macrocrack. The material lost its ability to
dissipate energy, and the failure process became
abrupt and localised — typical of brittle materials.

The PPF3 sample (600 °C) showed the low-
est and most unstable b-values among all tested
specimens. Initially, the b-value reached 1.0-1.2,
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but it quickly decreased to 0.4—0.6, remaining at
this low level for most of the test duration. This
confirms the dominance of macrocracking from
the early stages of loading. With the degradation
of PP fibres and the loss of fibre-matrix adhesion,
the material exhibited a fully brittle behaviour,
with rapid crack propagation and limited ability to
absorb or dissipate energy. The absence of a b-val-
ue increase in the final stage further confirms the
complete loss of stress redistribution capability.
In summary, as the exposure temperature
increased:
e the initial b-value decreased (from ~1.6-1.8
for PPR to ~1.0 for PPF3),
e the b-value dropped more rapidly with in-
creasing load, and
e low b-values persisted until failure, indicat-
ing the dominance of macrocracks and brittle
behaviour.

The evolution of the b-value over time clearly
demonstrates that thermal exposure leads to PP
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fibre degradation and weakening of the fibre-ma-
trix interface, which reduces the ability of a mate-
rial to dissipate energy and control crack propaga-
tion. In PPR and PPF1 samples, with fibres retain-
ing their integrity, damage was more distributed
and gradual, whereas in PPF2 and PPF3 samples,
failure occurred in a sudden and localised manner.

Crack evolution analysis based on AF-RA images

Figure 7 shows the AF-RA relationships and
the related bending crack classification results.
The results indicate that the bending failure of
the PPR and PPF1 specimens occurred main-
ly under the conditions with a predominance of
tensile cracks, whereas the failure of the material
exposed to temperatures of 450 °C and 600 °C
was characterised by a significantly greater pro-
portion of shear cracks. The results also show that
the density of scatter points in the low-frequency
region is higher for the PPF2 and PPF3 speci-
mens. Therefore, it can be concluded that in the
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Figure 6. B-value acquisition results for PPR and PPF samples: (a) PPR, (b) PPF1, (c) PPF2, (d) PPF3 (Ib-value
— black line; Load — red line)
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specimens exposed to temperatures of 450 °C and
600 °C, in contrast to the PPR and PPF1 materi-
als, damage occurred throughout the entire vol-
ume of the element, not only in the tensile zone.
The shear cracking rate of PPF2 and PPF3
specimens under bending loads is significantly
higher than that of the PPR and PPF1 specimens.
It was found that shear stress can change the crack
propagation direction [29-31]. It can be observed
from Figure 7 that the crack propagation paths in
the specimens subjected to 450 °C and 600 °C form
a larger angle with the loading direction, indicating
that a larger shear stress is generated during load-
ing, which naturally results in a larger number of
shear cracks. When analysing the precise signal
distribution as a function of AF-RA, it can be con-
cluded that in the case of PPR and PPF1 specimens,
high AF and low RA occurred in the initial phase
— signals characteristic of tensile cracks in the ma-
trix. In the crack propagation phase, when the fibres
began to bear load, more frequent AE signals with
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lower AF and higher RA were observed, typical of
friction and fibre pull-out. The material failure pro-
cess was prolonged and not very rapid. In the final
phase, average AF and higher Ra were observed
than in pure concrete at the same stage.

In the case of specimens PPF2 and PPF3, high
AF and low RA signals were observed during the
initial loading phase. This, similarly to the PPR
and PPF1 specimens, was associated with domi-
nant tensile microcracks in the cement matrix. As
cracks developed, there was a gradual decrease
in AF and an increase in RA (crack development
and increased friction). At failure, short, high AF
peaks of various frequencies were observed — a
mixed mechanism. The lack of “bridging” result-
ed in a rapid increase in shear signals.

Comparison of results with the literature

To generalise the obtained results, a com-
parison was made with the data available in the
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Figure 7. RF-RA relationship for PPR and PPF samples: (a) PPR, (b) PPF1, (c) PPF2, (d) PPF3
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Table 1. Comparison of authors’ own findings with literature [10,13,43]

Authors’ own findings (AE +

Aspect three-point bending)

Kalifa et al., 2001

Hager, 2019 Resende et al., 2022

Gas-release channels
formed after PP softening/
melting reduce spalling;
effect visible up to ~300 °C.

Mechanism of PP
action

PP addition to HPC
effectively eliminates
spalling; mechanism:
permeability increase

after PP melting.

PP mitigate spalling
risk through melting
(~170-180 °C)
and micro-channel
formation; effectiveness
depends on dosage
and geometry.

In HSC with PP, no
spalling and improved
residual performance

observed.

AE response indicates onset
Softening/melting | ~170-180 °C; above ~450
temperature of PP | °C fibers lose function, brittle
fracture dominates.

Effective below 300 °C
(Tm = 170-180 °C).

Review: Tm = 170-180
°C; affects permeability | reduced degradation;

and pore-pressure effectiveness
relief. decreases at higher T.

Melting - degassing -

No or limited spalling; AE
AF-RA maps indicate tensile
cracking; high b-value
(microcracking).

Spalling < 300 °C

No spalling observed
in PP-HPC under
standard exposures.

Confirms PP efficiency
in this temperature
range.

No spalling for tested
mixes; consistent with
present study.

Transition to brittle
behaviour; AF—RA shifts
to shear/friction; b-value

decreases.

> 450-600 °C

PP effectiveness
declines after fibre
continuity loss.

Above ~450 °C, matrix | Mechanical degradation
damage dominates; increases despite
PP cannot prevent earlier spalling
brittleness. resistance.

literature on the influence of polypropylene (PP)
fibres on concrete behaviour under elevated tem-
peratures (Table 1).

CONCLUSIONS

In summary, this article examined the ef-
fect of fire temperatures on the mechanical and
acoustic properties of the PP fibre-reinforced
concrete under bending loading. Three fire tem-
perature cases (air-drying) and a reference test
were analysed. The variable in the analysis was
the firing temperature in a laboratory furnace.
The following conclusions can be drawn from
the article:

e the effect of fire temperatures on concrete
material on stresses and strains in three-point
bending tests has been demonstrated;

e the highest nominal stresses were obtained for
the starting material (PPR). With the introduction
of material annealing and an increase in tempera-
ture, the stresses decreased, with the greatest ef-
fect observed at temperatures above 300 °C;

e the strain at the moment of failure increased
along with fire temperatures affecting the con-
crete material, which may be influenced by the
degree of melting of the PP fibres;

e under the influence of bending loads, PPF2
and PPF3 show distinct strain hardening prop-
erties, which result from the PP fibre content;

32

e Ringing counts confirm the formation of mi-
crocracks and the presence of a fibre-matrix
interface in PPR and PPF1 samples. In the
case of PPF2 and PP23, ringing counts indi-
cate a brittle failure mechanism throughout the
analysed time courses;

e analysis of the InA-InRC relationship, b-val-
ues and AF-RA crack classification also indi-
cates that the samples under post-fire bending
conditions are characterised by a brittle fail-
ure mechanism with a predominance of shear
cracks and rapid growth of macrocracks.

The conducted research demonstrated that
some fire temperatures cause oxidation of PP
fibres, reducing the mechanical strength of the
material and altering its behaviour under bend-
ing loads. Using the acoustic emission method,
differences were identified between the failure
mechanisms of reinforced and unreinforced con-
crete due to thermal oxidation of fibres. The re-
search is a prelude to future work, which will
focus on research that considers the material
cooling method and heating rate, and will in-
volve larger-scale samples.
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