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Abstract: The paper refers to studies of the structure of high-performance concrete with polypropy-
lene fibre at different dosages. The authors see a research gap in the study of the effect of adding
polypropylene fibre on the parameters of concrete exposed to high temperatures. The study takes
into account the thermal effect—groups of samples were heated to 200 °C, 400 °C and 600 °C. The
authors carried out basic tests to describe the changes in density, ultrasonic tests, uniaxial com-
pression strength tests and tensile tests by splitting. The positive effect of polypropylene fibres is
mainly observed between 20 °C and 200 °C. The melting of polypropylene fibres causes a delay
in the development of micro-cracks in the structure of these concretes compared to HPC. Adding
polypropylene fibres to the mixtures also increased the speed of ultrasonic wave propagation in
the medium. The research was deepened with tomographic imaging. A description of the splitting
surface was carried out. The results of tensile by splitting tests clearly show an increase in the relative
failure area for unheated concretes in proportion to the number of fibres used. Changes in splitting
surfaces under the influence of temperature are graphically illustrated. Furthermore, differences in
the samples under the influence of heating at high temperatures are presented. Finally, the porosity
development of all sample groups before and after heating at all temperatures is described.

Keywords: internal structure; high-performance concrete; fibre-reinforced concrete; fire; computed
tomography

1. Introduction

Human activity in the construction of ever larger and more complex projects is putting
pressure on the development of technologies. These technologies should ensure minimal
impact on the environment [1,2], propose solutions for improving the energy efficiency
of buildings [3], reducing CO, emissions using renewable energy [4,5], and utilise mod-
ern structural materials [6]. One of the most commonly used materials in construction is
concrete [7] for which ongoing development of innovative research is observed, aimed at
improving its design in obtaining appropriate properties and durability [8,9], and meth-
ods for the evaluation of achieved results [10]. Among the trends developed worldwide,
the high-performance fibre-reinforced concrete (HPFRC) group is worth mentioning [11].
High-performance concrete (HPC) is characterised by a lower water—cement ratio and its
main advantages are greater durability, higher compressive strength and better compact-
ness [12-14]. It should be noted that under the selected conditions, the features resulting
from lower porosity do not always give only positive results. The elements are charac-
terised by a higher setting temperature and it can be difficult to properly cure the concrete.
The lack of an extensive pore system makes it difficult for water to penetrate through the
top layer of concrete, which makes HPC more susceptible to early-age cracking [15].
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According to Eurocode 2 (PN-EN 1992-1-2:2008/NA:2010) [16], the compressive
strength of concrete decreases with the increase of the exposure temperature, which relates
to the higher strength class of the concrete [17]. This very general relationship has been
confirmed by many studies, as can be found in papers [18-20].

HPC mixtures with polypropylene fibres that are intended for nuclear applications
were tested for changes in mechanical properties after exposure to 200 °C [21]. Research
conducted in [21] shows that the addition of polypropylene fibres (1.8 kg/m?) may lead
to changes in residual compressive strength, modulus of elasticity and splitting tensile
strength due to fibres melting during heating.

Research on the chemical changes in concretes themselves has already been carried out
in the last century. There are numerous studies on the degradation of chemical compounds
contained in concretes, which are cited by the authors of this paper. Transition and decom-
position temperatures of cement phases are widely described in paper [22]. In the first phase,
at a temperature of 50-100 °C, CaSO4-2H,0O decomposes [23]. When heated to 100-150 °C,
the further decomposition of CaSO4-2H;0O has been reported in the literature [24] and
the degradation of CaSO4'%H20 [25], CazAl,0g-3CaS0O4-26H,0 [23], CaAl,O4-10H,0 [26]
and MggAl,Oy-CO3-12H,0 [27] starts. After reaching a temperature of 150-200 °C, re-
searchers indicate a further decomposition of [24] and CaSO4-%HZO [25]. It also mentions
Ca3A1206‘CaSO4'12H20 [28], Ca2A1205-8H20 [29] and Ca4A1207o13H20 [29].

Further weight losses occurred in samples heated to 400 °C. Concrete reaching tem-
peratures in the range 200-250 °C loses further CaSO4~%HZO [23], CapAl,Si0O7-8H,0 and
Al(OH)3 [29]. Al(OH)3 decomposes further up to 350 °C [29]. In addition, Caz Al Og-6H,O [23]
and Mg Al,O9CO3-12H,0 [27] decompose at temperatures of 300-350 °C. When reaching
400 °C, CaSOyq [30] breaks down.

The next declines in chemical changes are recorded at 400-600 °C. Between 400 and
500 °C, the literature indicates that Mg(OH),, Ca3zAl,O4-CaSO4-12H,0, CazAl,Og-6H,O
and MggAl,Og-CO3-12H,0 breakdown occurs. One of the most important due to the loss
of mass above 400 °C [22] is for the decomposition of Ca(OH), by the reaction Ca(OH),
—CaO + HyO 1 [31]. Finally, at temperatures above 500 °C, AI(OH)3 [22], CaCOj3 [23] and
MgCOj3 [22] are noted.

Due to the phenomena described, the authors see a research gap in the study of
the effect of adding polypropylene fibre to the parameters of concrete exposed to high
temperatures. The main area of research interest is the change in the structural behaviour
of thermally exposed concrete. The authors wanted to understand how the compressive
and tensile strength of concrete changes. In addition to the data obtained through strength
tests, the authors decided to evaluate the internal structure and how it changes when
exposed to high temperatures. In recent years, this topic has been addressed, among
others, in the context of fire safety in building structures [32,33]. In this context, it will be
particularly important in structures such as road tunnels, for which evacuation conditions
can be difficult [34] and for which much higher demands are made on the high temperature
resistance of concrete. In the research area, mainly plain concretes were analysed and only
a few works dealt with the subject of high-performance concretes with the addition of
polypropylene fibres, among others [17,35-39]. The results were not clear on the effect of
fibre addition on the mechanical properties of concretes subjected to high temperatures,
as well as the fact that they did not explain the change of the structural properties of
high-performance concretes subjected to thermal effects. The different effects of a change
in mechanical properties in relation to a temperature increase obtained by researchers may
be due to the use of different types of aggregates [40]. The final values of the mechanical
properties may also be affected by the curing conditions of the test samples [41].

In the study, the results of the basic research were compared with the literature
data and X-ray tomographic imaging analysis was performed to provide an advanced
description of the structural changes in the analysed concretes.
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2. Materials and Methods
2.1. Preparation of Samples

The specimens were made from high-performance concrete under laboratory con-
ditions. The concrete was prepared on the basic mix base shown in Table 1. During the
preparation of the samples, mixes were also made with additional Texa-Fib 3 polypropylene
fibres. Texa-Fib 3 fibres form a spatial mesh that functions as a micro-reinforcement for the
concrete. According to the manufacturer, it is used for bridge concretes and heavy-duty
industrial flooring. The manufacturer indicates a fibre density of 0.91 kg/L. The fibre
thickness is 3.0 dtex with a length of 12 mm. The resulting specific surface area is, according
to the manufacturer, ~0.22 g/m?. The fibres have a tensile strength of 420 N/mm?. From
the point of view of the research problem, the deformation temperature reaching 145 °C
is also important. The fibres are inserted into the mixer after adding the aggregate, but
before adding the cement and liquid components (water and admixtures). According to
the product sheet, Texa-Fib 3 consumption is 0.6 kg/ m3.

Table 1. Composition by mass of a mix.

Composition Mass [kg/m®]
Cement CEM 142.5R 550
Water 176
Sand 0-2 mm 790
Basalt aggregate 2-8 mm 940
Superplasticiser 5.14 (HPC)/7.56 (HPFRC)
HPFRC 0.6 0.60
Texa-Fib 3 HPFRC 0.9 0.90
HPFRC 1.1 1.10
Water /binder ratio 0.32

The concrete mixtures were divided into four groups: HPC without additives, HPFRC
0.6 (concrete with 0.6 kg/m? fibre), HPFRC 0.9 (concrete with 0.9 kg/m? fibre) and HPFRC
1.1 (concrete with 1.1 kg/m?3 fibre). A higher amount of superplasticiser was used in mixes
containing polypropylene fibres, in order to produce a mix with rheological properties
comparable to HPC. The mixtures were placed into 80 x 80 x 12 cm® moulds and then
compacted with a concrete vibrator. The blocks were cured for a period of 4 weeks. After
the setting period, 50 mm diameter cylinders were cut from the slabs with a borehole drill.
Each specimen underwent a process of grinding the surfaces of both bases to obtain parallel
planes for compressive strength tests. The authors paid attention to the time function. The
samples were stored at 20-25 °C for a period of three years.

2.2. Heating Process

The samples were placed in a precision furnace chamber. The temperature function
was determined according to [42]. Once the furnace was started up, the temperature
increased by 0.5 °C/min. The target components were heated to temperatures of 200, 400
and 600 °C. Once the target temperature was reached, it was maintained for one hour in
order to obtain uniform heat energy throughout the sample volume. Samples from all four
mixtures were heated to the preset temperatures. After cooling, the samples were subjected
to further tests. A series of samples in the furnace before heating is shown in Figure 1.
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Figure 1. Sample arrangement during heating.

2.3. Testing of Concretes

Preliminary tests were carried out to determine the general properties and to check
the homogeneity of the test pool. Using an electronic calliper with an accuracy of 0.01 mm,
the height was determined and the diameters measured at three different locations. All
cylinders were weighed on an electronic balance with an accuracy of 0.02 g. An ultrasound
test was also used as part of the internal structure assessment. Ultrasound testing makes
it possible to determine the degree of deterioration and the strength of the concrete [43].
A pundit lab proceq device (Schwerzenbach, Switzerland, 2013) was used for the study.
Measurements were taken on samples before and after fire testing. Wave propagation
velocities were determined for each sample based on the measured height and the time
elapsed between the sending and receiving of the signal by the device elements.

2.4. Uniaxial Compression Test

Relevant to the testing process were strength tests. From each group (HPC, HPFRC
0.6, HPFRC 0.9 and HPFRC 1.1), five specimens were subjected to a compression test.
The specimens were cylindrical with a diameter of 50 mm and a height of approximately
100 mm. The uniaxial compression test was carried out on a walter + bai ag servohydraulic
press. Geometrical information about the sample was entered into the control software each
time. The specimen was placed inside the test chamber on centering plates. The loading
rate was determined as the resulting cross-sectional area of the specimen at 0.5 MPa/s.

2.5. Brazilian Split Tensile Test

The test was performed in accordance with EN 12390-6:2009 on cylindrical specimens.
The cylindrical samples had dimensions of approximately 50 mm (diameter) x 50 mm
(height). The rate of load increase was determined in accordance with Section 6.3 of the
standard. The parameter was taken as 0.05 MPa/s. Five specimens from each group and
temperature were tested. Figure 2 shows a schematic of the laboratory tool inducing the
tensile effect. A deviation from the standard was applied when converting the resulting
forces into strength. The standard recommends determining the strength as a conversion
of the force to the area of a rectangle with sides equal to the lengths of the diameter and
the length of the specimen with an additional factor of 2/7. Figure 2 shows a schematic
representation of the test specimen. The green colour shows the theoretical failure surface
course, while the purple colour indicates the actual surface course on one of the specimens.
The analysis of the differences in the surface course is one element of the study.
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Figure 2. Test scheme for concrete—tension by splitting.

2.6. Computed Tomography

X-ray tomographs (XCT, uCT, X-ray CT) for industrial use are operated on X-ray
spectroscopy. A precise overview is provided in the publication [44] and despite the
passage of almost 25 years, the principle of the equipment has not changed. The object is
inspected in the device’s insulated chamber. The item is positioned between a radiation
emitter, the so-called lamp, and the detector. Control in the scanning process is performed
by determining the position of the object in the space between the lamp and the detector,
setting the value of the voltage and current generating the radiation (power) and specifying
the operating characteristics of the detector. Based on the operator’s experience, the
selection of scanning details allows 2D projections to be obtained to enable further 3D
reconstruction of the object. A single scan lasts 20-90 min. During this time, the sample
rotates 360° with the vertical axis. A view of the test chamber is shown in Figure 3.

Figure 3. CT scanning.
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After scanning, the 3D volume should be reconstructed. During the measurement, the
device saves the results as high-grey scale images (e.g., GE Phoenix v | tomex | m uses 14 bit).
To improve the quality of the reconstructed data, a number of filters are used, such as beam-
hardening correction, automatic geometry calibration and geometry optimisation [45,46].
The reconstructed object can be visually inspected by analysing 2D cross-sectional images,
3D images and further volumetric analysis.

Tomographic scanning has already been used in concretes to characterise the sur-
face [47]. A detailed description of the research methodology and the possibilities in
working with the reconstructed data is included in the paper [48]. Attempts have also been
made towards imaging concrete under load. In the paper [49], studies on changes from
static loading are presented and in [50], sheared elements were imaged. There are studies
that show how to determine the change in pore volume of a concrete sample subjected
to freezing cycles by tomography using a medical device [51]. Tomography allows good
detection of reinforcement and helps in bonding studies [52,53]. The use of computed
tomography to verify the mechanism of bond failure in fibre-reinforcement concrete is
shown in [54].

It should be noted that all measurements took place with exactly the same detector
settings, voltage and manoeuvring table position. The results obtained were based on re-
construction using the same algorithm: bhc + filter (factor 6.4), auto agc and reconstruction
optimisation were applied. Beams were emitted with 185 kV and 160 pA characteristics.

The cylindrical samples had dimensions of approximately 50 mm x 100 mm. The
assumption of maximum measurement accuracy was related to limitations from the detector
size. Achieving the best accuracy is related to adjusting the position in the test chamber
to a smaller dimension—the width. Due to the sample dimension, the authors used the
multiscan procedure. Three scans were taken to reconstruct one sample. The first scan
covered the lower part of the specimen, the second scan focused on the middle zone and
the last scan focused on the upper section. The three scans were overlaid and combined.
The sample was positioned so that the voxel size was 33 pm. The two reconstructed data
sets (before and after heating) are brought by an algorithm developed by the authors to a
common coordinate system. Once the process is complete, it is possible to fully evaluate
the data under conditions as if the samples were virtually in the same place.

2.7. Volumetric Analysis

The representation of the change in defects (porosity) is widely used to describe struc-
tural changes in concretes [55,56] or to identify differences that occur under the influence of
external factors [54]. Commercially offered software largely automates porosity/inclusion
analysis. The analysis is performed on a 3D volume. The absorption limits for concrete and
air are indicated before calculations are carried out. The VGDefX algorithm in Voids mode
was used. Significant pores were considered to be those whose volume exceeded 4 voxels.
The analysis indicates defects in the entire data set or only in a user-specified section. The
assessment is done visually and through tabular summaries and graphs. Depending on the
size of the void, the pores are visualised in different colours on the sections and in the 3D
view. A schematic of the workflow with the data is shown in Figure 4.

The work uses a nomina/actual comparison analysis. The analysis makes it possible
to determine geometric deviations between two surfaces or solids. The prerequisite for a
successful analysis is that the elements are placed in a common coordinate system. Figure 5
shows the results of two example analyses. Two surfaces were introduced into the analysis
environment. The nominal surface in both cases is the plane (marked grey in the figures).
In the case shown in Figure 5a, there is a surface 1 mm away from the nominal surface,
which additionally has a trapezoidal elevation. The object at its highest position is 3 mm
away from the nominal plane. In the second case (Figure 5c), the comparison surface has
an additional elevation with a triangular cross-section. The peak of the elevation is at a
distance of 4 mm from the nominal surface. In their discussion, the authors refer to the
interpretation of visual images and deviation histograms. According to the scale, the green
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colour describes the parts of the surface up to 1 mm away from the nominal object. Moving
through orange to red, fragments away from the nominal plane up to 5 mm are represented.
In the case of closed mesh, it is possible that the object to be analysed penetrates into the
nominal object. In this case, the colours would pass through blue towards purple. The
graphs shown beside on the horizontal axis show the magnitude of the deviation. The
vertical axis indicates how much of the surface is at a given distance from the nominal
plane. In the case of the graph describing the deviation of the first surface, two main peaks
are observable—at a value of 1 mm and at a value of 3 mm. In the case of the second
surface, the main peak becomes apparent at a value of 1 mm.

Scanning the
sample before
heating with the
multi|scan
module

Taking a sample,
performing basic
measurementsand
ultrasound testing

3D volume
reconstruction
based on three
scans

Importing two sets of data

Heating, performing into one project, Performing macroscopic
basic measurements moving the data into a evaluation, conducting
and ultrasound testing common coordinate defect analysis

system

Scanning the
sample after
heating with the
multi|scan
module

3D volume

reconstruction

based on three
scans

Figure 4. Data workflow.
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3. Results
3.1. Basic Tests

Example samples are shown in Figure 6. The heating process was marked by a visual
change in the appearance of the sample. No changes in the form of spalling or material
separation were noted. Manual measurements (calliper) did not indicate changes in the
dimensions. The dimensions were further checked during the volumetric analyses of the
data acquired by CT. However, the colour of the aggregate changed. A slight colour change
could already be seen at 200 °C. The aggregate darkened in the macroscopic evaluation.
At a threshold of 400 °C, the 2-8 mm aggregate had taken on darker colours. Individual
elements turned to orange shades. At 600 °C, there was further propagation of colour
changes. Extensive research related to the colourimetry of concretes subjected to high
temperatures is presented in paper [31], in which analogous results were obtained.

s TSRO,

Figure 6. HPFRC 1.1 samples. From left: without heating, 200 °C, 400 °C, 600 °C.

Figure 7 shows the results of the basic tests carried out for the reference samples and
those subjected to high temperatures.

Figure 7a shows the variation in the volumetric (bulk) densities for all groups of
concretes tested. The basic density for HPC without fibres averaged 2391 kg/m>. Adding
fibres increased the volumetric density by 0.7% for HPFRC 0.6, 1.1% for HPFRC 0.9 and
1.7% for HPFRC 1.1. Heating each time led to decreases in the mass of the specimens
and thus in the volumetric density of the material. In the case of specimens without the
additional fibre component, its weights decreased by an average of 2.3% during heating at
200 °C. Samples without fibres subjected to a thermal treatment of 400 °C lost an average of
2.9% in weight. Samples subjected to 600 °C heating lost an average of 3.7% of their mass.
The trend of weight loss increased when additional fibres were added to the sample. In
mixtures labelled HPFRC 0.6, the mass decreased by an average of 2.5% during heating at
200 °C. At 400 °C, a weight loss of 3% was observed and HPFRC 0.6 samples subjected to
heating at 600 °C lost 3.7% in weight. Samples with 0.9 kg/m3 lost 2.7%, 3.2% and 4.6% in
weight during heating and HPC 1.1 samples lost 3.22%, 3.50% and 4.42% for heating at 200,
400 and 600 °C, respectively.

The ultrasonic results are summarised in Figure 7b. Adding polypropylene fibres
to the mixtures increases the speed of wave propagation in the medium. The highest
velocities were obtained at a dosage of 0.9 kg/m?. It was shown that heating increases
the time between sending and receiving the wave, which has the effect of lowering the
propagation velocity. The greatest differences between groups of specimens are observed
with heating at 200 °C. For concretes without fibres, the decrease reaches 4%. For concretes
with a fibre addition, the average decrease in the wave velocity was 11.7%, 8.8% and 16.7
for the HPFRC 0.6, HPFRC 0.9 and HPFRC 1.1 groups, respectively. Fibre addition is
strongly associated with changes in the internal structure of the specimen, which is affected
by temperatures up to 200 °C. The authors claim that this is related to the deformation
temperature of the fibres, which was set at 145 °C, according to the manufacturer. When
heating at 400 °C, all samples showed a similar percentage decrease in wave propagation
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velocity (27.9%—HPC, 26.3%—HPFRC 0.6, 24.9%—HPFR 0.9, 30.8%—HPFRC 1.1). When
firing at 600 °C, further decreases in wave transition velocities were noted. The control
group showed a 41.7% decrease in wave velocity, the HPFRC 0.6 group showed a 45.1%
decrease, HPFRC 0.9 showed a 39.1% decrease and HPFRC 1.1 showed a 42.1% decrease.
The authors note that the largest decreases in the wave propagation velocity are seen
for samples with the manufacturer’s suggested fibre dosage. For the dosage used, the
proportion for which the best ultrasonic results were obtained is 0.9 kg/m?3.
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Figure 7. Basic test results: (a) bulk density; (b) ultrasound wave velocity; (c) uniaxal compressive
strength; (d) tensile strength.

The graph in Figure 7c shows the average result for the residual uniaxial compressive
strength of samples subjected to thermal effects.

The starting HPC samples showed very low strength decreases. During heating at
200 °C, an average strength decrease of 10% was recorded, while samples with fibres lost
27%, 11% and 12% for HPFRC 0.6, HPFRC 0.9 and HPFRC 1.1, respectively. During heating
to 400 °C, the greatest strength decreases occurred in HPFRC 1.1 (52% decrease relative
to unheated samples) and HPFRC 0.9 (51% strength decrease). HPFRC 0.6 specimens de-
creased their uniaxial compression strength properties by 55%, and the non-fibre specimens
by 47%. For the samples, without fibres, which were subjected to thermal exposure up to
600 °C, the downward trend continued and amounted to 56% relative to the non-heated
samples. For samples with fibres, the decrease was 72% for HPFRC 0.6, 62% for HPFRC 0.9
and 70% for HPFRC 1.1. The highest strength after the entire test cycle was obtained for
HPFRC 0.9 samples (42.92 MPa).

The results of tensile tests by splitting according to EN 12390-6:2009 are shown in
Figure 7d. HPC samples lose strength in a quasi-linear manner—a decrease of 28% for
200 °C, 35% for 400 °C and 58% for 600 °C. The loss of properties for the fibre-reinforcement
samples followed a similar pattern. A large loss of properties occurred when the samples
were heated to 200 °C (a decrease of about 34% for all groups). When heated to 400 °C,
HPFRC 0.9 and HPFRC 1.1 samples reached a similar strength of 3.1 MPa (a decrease of
29% for HPFRC 0.9 and 34% for HPFRC 1.1, relative to the non-heated samples). Finally,
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(a)

at 600 °C, HPFRC 0.6 and HPFRC 0.9 samples lost 54% and 50% of their tensile strength,
respectively, while HPFRC 1.1 samples lost 41%.

3.2. Results of the Destruction Surface from the Splitting Tensile Test

Due to the observed strong influence of both the amount of polypropylene fibres and the
effect of the heating temperature on the basic physico-mechanical parameters of the concretes
tested, this paper addresses the quantitative description of the change in the structure of the
concretes tested and its effect on the failure surface in the splitting tensile test.

A photo of an example specimen after a tensile test is shown in Figure 8a. Figure 8b
shows the reconstruction result of the tomographic scan data. The authors note the variation
of the splitting surface in tensile tests. The actual surface is never a plane. The maps of
the resulting failure surfaces in Figure 9 show examples of the geometric deviations of the
actual plane obtained in the splitting tensile tests relative to the plane passing vertically
through the centre of the specimen shown in Figure 8c.

Figure 10 shows the results of the failure surface shape analysis obtained in the splitting
tensile test. The reference specimens were characterised by a low level of deviation from the
nominal planes (peaks of the graphs close to deviation = 0). The graphs confirm that deviations
tend to concentrate around a single peak, gradually reducing the values of the fields assigned
to a given distance. At 20 °C, attention is drawn to the very small number of places where
deviations greater than 4 mm occur. In the case of HPFRC 0.9 and HPFRC 1.1 specimens, a
slight change in the shape of the failure surface towards an increase in inhomogeneity can be
observed (deviations in the range —2 to 3 mm). With an increase in temperature up to 200 °C,
the surface becomes rougher, as shown in the diagrams by the flattening and elongation of
the peaks. In the case of specimens heated to 400 °C and 600 °C, failure occurred, among
other things, through the detachment of the aggregate from the matrix. Deviations of more
than 4 mm from the nominal plane were observed over large areas, corresponding to half the
diameter of the coarse aggregate dimension.

(b) (c)

Figure 8. Tensile by splitting: (a) Post-test specimen; (b) CT-based reconstructed model; (¢) Specimen
including nominal plane.
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Figure 9. Map of surface deviations after tensile by splitting tests from a hypothetical plane based
on vertical diameter: (a) HPC 20 °C; (b) HPC 200 °C; (c¢) HPC 400 °C; (d) HPC 600 °C; (e) HPFRC
0.6 20 °C; (f) HPFRC 0.6 200 °C; (g) HPFRC 0.6 400 °C; (h) HPFRC 0.6 600 °C; (i) HPFRC 0.9 20 °C;
(j) HPFRC 0.9 200 °C; (k) HPFRC 0.9 400 °C; (1) HPFRC 0.9 600 °C; (m) HPFRC 1.1 20 °C; (n) HPFRC
1.1 200 °C; (o) HPFRC 1.1 400 °C; (p) HPFRC 1.1 600 °C.
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Confirmation of the observed phenomena related to the development of the shape of
the post-failure surface as a result of the splitting tensile test is provided by the results of
calculating the relative surfaces, i.e., the ratio of the reference plane to the specified failure
surface by CT scanning (Figure 11).

»
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Figure 11. Effect of heating temperature on failure surfaces.
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The results clearly show an increase in the relative failure area for unheated concretes
in proportion to the number of fibres used. This influence increases with the increasing
heating temperature, while the influence of the proportion of polypropylene fibres alone
resulting from their melting disappears.

3.3. Computed Tomography

Figures 12-15 show vertical cross-sections of tomographically scanned samples. The
samples are grouped with respect to the mixture. Side-by-side views are shown before and
after heating at a specific temperature (200 °C, 400 °C and 600 °C, respectively). Visually
noticeable are the changes in the internal structure at 400 °C and 600 °C. The colour change
mainly concerns the matrix—the interpretation of the results indicates a change in the
material density. A change to a darker colour proves a decrease in the density of the matrix
material. By increasing the heating temperature, the changes become more evident.

Sceneicoardinatelsystem Top 1
45.57' mm

Scenelcoardinatesystem
45.57'mm

(b)

Scene coordinate system Topi1
8:35mm

Scene coordinate system Topi1
8.3!

L [2mm

(d)

2:mm

Scene coondinatelsystem
-3.01 mm

Scene coordinate;system
300 mm

i

1.5 mm s 1003% 1.5 mm 1003%

(e) ()

Figure 12. CT imaging results. Structural changes in three samples HPC: (a) 20 °C; (b) 200 °C;
(c) 20 °C; (d) 400 °C; (e) 20 °C; (f) 600 °C.
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Figure 13. CT imaging results. Structural changes in three samples HPFRC 0.6: (a) 20 °C; (b) 200 °C;
(€) 20 °C; (d) 400 °C; (e) 20 °C; (f) 600 °C.

During heating, the fine aggregate gradually becomes visible in the matrix. Visually, it
stands out through the formation of a dark outline. The dark colour is associated with a
local reduction in the density of the material. The authors interpret this phenomenon as a
weakening of the adhesion between the aggregate and matrix and, at higher temperatures,
the formation of micro-cracks. In Figures 12-15, areas with changes around the fine
aggregate are marked with white arrows. A second observation is the formation of air
gaps between the aggregate 2-8 and the matrix. These changes are visible in all groups
of samples at temperatures above 400 °C. In Figures 12-15, areas with changes around
aggregate 2-8 are marked with orange arrows.
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Figure 14. CT imaging results. Structural changes in three samples HPFRC 0.9: (a) 20 °C; (b) 200 °C;
(c) 20 °C; (d) 400 °C; (e) 20 °C; (f) 600 °C.
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Figure 15. CT imaging results. Structural changes in three samples HPFRC 1.1: (a) 20 °C; (b) 200 °C;
(€) 20 °C; (d) 400 °C; (e) 20 °C; (f) 600 °C.

3.4. Defect Analysis

Defect analysis was carried out on the reconstructed X-ray computed tomography data.
Figure 16 shows a section of a specimen made from the HPFRC 1.1 mixture fired at 600 °C.
The images show the same air pore with an average diameter of 1.18 mm. The sample,
before exposure, shows good matrix quality and the air pores do not isolate the aggregate
from the matrix. The pores are characterised by high sphericity. Figure 16b shows the same
cross-section of the sample after the thermal impact. In addition to the pores, numerous
cracks are visible all around. The crack surfaces run between the aggregates. The sample is
clearly weakened. In addition, 0-2 mm sand grains have become distinguishable. Zones of a
significantly lower density appeared around the grains of the finest aggregate. These zones
can be interpreted as micro-cracks at the grain-matrix contact. Defect analysis was carried out
to detect air voids before and after heating on the reconstructed 3D volumes. Visualisation
of the analysis results is shown in Figure 16c¢ (before heating) and Figure 16d (after heating).
Changes in the form of marked cracks were included in the total defect volume. The analysis
was carried out on parameters selected for the entire test group, allowing the authors to
compare the results of all groups together with changes at all temperatures.
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Figure 16. Porosity of HPFRC 1.1 sample heating to 600 °C: (a) before heating; (b) after heating;

(c) graphical result of analysis before heating; (d) graphical result of analysis after heating.

Table 2 summarises the porosity of the analysed cylindrical specimens before and after
heating, obtained by volumetric analysis on the reconstructed volumes of the scanned specimens.
The highest porosity was that of the HPC, noting that this may be due to the fact that more
superplasticiser was applied to the HPFRC mixtures to increase their workability, resulting in a

reduction in the porosity of these concretes as a result of their improved compaction.

Table 2. Comparison of porosity before and after heating.

Sample Before Heating [%] After Heating [%]
HPC 1.40 147
) HPFRC 0.6 117 117
200°C HPFRC 0.9 111 111
HPFRC 1.1 0.70 0.70
HPC 1.58 1.76
) HPFRC 0.6 121 1.26
400°C HPFRC 0.9 0.68 0.72
HPFRC 1.1 0.61 0.67
HPC 1.70 2.00
) HPFRC 0.6 143 1.62
600 °C HPFRC 0.9 1.29 144
HPFRC 1.1 0.84 0.99

The percentage change in the porosity of each group of specimens relative to the
volume of pores in the specimens before heating is shown in Figure 17. It is noticeable
that there was no increase in the porosity of the specimens with fibres heated up to 200 °C,
whereas for specimens without polypropylene fibres, the porosity increased by 5% relative
to the volume before firing. The smallest increases in porosity were observed in samples
with 0.9 kg/m? polypropylene fibres. The largest increase in porosity was observed in

samples without fibres.
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Figure 17. Defects development.

4. Discussion

The decrease in the density of concrete specimens without polypropylene fibres had
a non-linear course. These results are in line with the literature data presented, among
others, in the paper [57], in which, for tests on lightweight concretes, the greatest drop
in density was obtained when the specimens were heated to 200 °C, while the value of
the drop decreased when the specimens were heated at 400 °C and 600 °C. The decrease
in the volumetric density is related to the chemical processes taking place in the cement
matrix, as a result of which, among other things, water evaporation takes place and the
first micro-cracks can already form.

For the specimens containing polypropylene fibres, similar phenomena were observed,
but it is worth noting that, initially, the specimens containing polypropylene had a higher
density in proportion to the fibre content. This is related to the increase in the workability of
the mixture under the influence of the superplasticiser used, which resulted in a reduction
in the porosity of these concretes due to their better compaction. The recorded decreases
in density for a heating temperature of 200 °C are analogous to those in the paper [58]. It
can, therefore, be concluded that up to 200 °C, the decrease in density is mainly due to the
melting of the polypropylene, which is partially absorbed by the cement matrix. At 400 °C
and 600 °C, the fibres have fully burnt down, transforming into CO; and H,O, and therefore,
the smaller decrease in density for these temperatures is due to the formation of micro-
cracks in the structure of the concretes analysed. It should be noted that at 360—400 °C,
molten polypropylene releases (e.g., pentane, propylene) [59], which can further impact on
pore pressure.

The change in density with an increasing heating temperature is also reflected in
a decrease in the ultrasonic wave transition velocity. This change can be described as
linear especially for concretes containing polypropylene fibres. In the case of HPC without
polypropylene fibres, a higher change is only observed when the specimens are heated
above 200 °C. When ultrasonic waves pass through concrete and run into defects (micro-
and macro-cracks), their original propagation path and mode of propagation is affected,
which is usually accompanied by a decrease in the ultrasonic pulse velocity [43]. In the
case of HPCs, due to the lack of polypropylene fibres, the first micro-cracks are already
formed in the temperature range of 20-200 °C and, in fact, beyond 100 °C, i.e., at the point
at which water changes from a liquid to a gas. This causes an increase in pressure in the
micropores and, consequently, micro-damage to the concrete. On the other hand, in the case
of concretes containing fibres in the temperature range analysed, the fibres burn out, which
increases the number of pores in the specimens tested [60] and thus causes a decrease in the
wave transition velocity. It is worth noting that analysis of the decrease in the ultrasonic
wave transition velocity may indicate that the volume of micro-cracks in HPC heated to
200 °C is smaller than the volume of fired polypropylene fibres in the other concretes (a
percentage decrease in the wave transition velocity is observed to be lower in HPC than in
HPFRC). However, this is not confirmed by the results of the volumetric density alone of
the concretes tested. It is also worth noting that the decreases in ultrasonic wave transition
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velocity for the HPCs and HPFRCs analysed are smaller than those registered for normal
concretes [61].

The addition of polypropylene fibres changed the rheological properties of the mix,
resulting in the need for more superplasticiser. As a consequence, this led to an increase in
the volumetric density of the concrete and a strengthening of its structure, resulting in an
increase in compressive strength. However, it should be noted that this increase depended
on the amount of fibre used. In the study conducted, the best results were obtained for
the addition of polypropylene fibres at 0.9 kg/m? of concrete mix. The influence of the
effect of the quantity and size of the fibres has been extensively described, among other, in
papers [62,63].

As the specimens are heated at increasingly higher temperatures, the residual compres-
sive strength of high-value concretes generally decreases in a linear or quasi-linear manner.
This is related to the dehydration of the CSH gel, the decomposition of the portlandite and
the destruction of the contact zone due to the different thermal expansion coefficients of
the cement matrix and the aggregate. Figure 18 summarises the results obtained for HPC
and HPFRC (black and grey) compared to the literature data.

!
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Figure 18. Comparison of residual compressive strength with literature data [35-38].

In paper [36] (Figure 18, green), there was a significant decrease in the compressive
strength for concretes heated to 120 °C, followed by an increase in this strength for concretes
heated to 200 °C. This increase did not exceed the initial strengths determined at 20 °C and
remained until about 400 °C and then the residual compressive strength decreased rapidly.
This initial strength decrease was found to be related to the presence of a moisture gradient
in the concrete specimens. In HPFRC, these phenomena had a softer course than in HPC.
In paper [37], the effect of temperature was investigated in the range of 20 °C and 800 °C,
and in this range, a minimal effect of fibres on the residual strength of the concrete was
noted. Very similar results were obtained in work [38] for testing at 400 °C and 600 °C. In
paper [35], the authors carried out a comprehensive review of concretes exposed to high
temperatures and the influence of various concrete additives on these results. For selected
papers, they derived correlated linear relationships for normalised residual compressive
strength over the temperature increase range of 0 to 1000 °C. These are shown in red in
Figure 18, but it is worth noting that, despite the high coefficient of determination of these
correlations, the description by a linear function will not always be accurate (this can be
seen for HPFRC where the initial value of the normalised residual compressive strength for
t =20 °C s 0.91). However, the authors note that the most interesting phenomena, in the
context of the polypropylene fibre values, occur between 20 and 200 °C and that there are
relatively few papers presenting them so far.

As with compressive strength, the residual splitting tensile strength decreases with
the increasing temperature. It is worth noting that a reference to this parameter is much
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rarer in the literature, as stated, for example, in paper [64]. In general, studies on the effect
of polypropylene fibres on concrete indicate that their addition in appropriate proportions
increases the tensile by splitting strength, but this effect is not persistent with temperature
exposure. This is due in part to the low temperature resistance of polypropylene plastic. The
effect of temperature on the decrease in this characteristic is greater than in compression,
which is due to the nature of the damage that occurs in compression and tension: in
compression, micropores and micro-cracks will tend to tighten first, while in tension, they
will open up, causing them to propagate and accelerate the destruction of the structure [64].
Figure 19 summarises the results of the normalised residual tensile by splitting strength
obtained in the present study (black and grey) against the literature data.

110
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Figure 19. Comparison of tensile strength with literature data [17,35,39,65].

In paper [17], there was a slight increase in the tensile strength for HPC in the heating
range up to 300 °C and a slight decrease in this range for HPFRC. Beyond this temperature,
a sharp decrease in tensile strength is evident. Similar results were obtained in work [65],
in which only the HPC was investigated. The other works show a much greater downward
trend already at heating temperatures up to 200 °C. In paper [39], different HPFRC mixes
were tested—HPC reference concrete and HPFRC containing 6 mm polypropylene fibres at
1 kg/m3 were selected for comparison. In this work, a quasi-linear decrease in strength
was obtained, with initially greater decreases recorded for the HPFRC tests, then the
trend changes and finally, for 600 °C, a greater decrease was recorded for the concrete
without fibres than for the concrete with fibres. As in the case of compressive strength, the
authors in [35] presented linear relationships (red in Figure 19). These results should be
regarded as average values from tests with different mix compositions and seem to fit well
with the trends presented. In the present study, in the first temperature range (0-200 °C),
the decrease obtained is relatively high (comparable to that in the work: [35,39]), In the
200400 °C range, the course of this decline is closer to the work of the [17,65]. In the last
range analysed, i.e., above 400 °C, all works show significant drops in residual strength.

The phenomena described regarding changes in the strength parameters and volumet-
ric density are confirmed by porosity analysis of the concretes tested and CT analysis. It
should be noted that in all HPFRCs, no increase in porosity was observed up to the heating
temperature of 200 °C. No significant changes around the individual concrete components
were registered in the CT images Figures 13b-15b). It is only above this temperature that
changes are visible around both the coarse and fine aggregate, with zones of a significantly
lower density and clear micro-cracking at the grain-matrix contact at 600 °C (Figure 16d).
The recorded zones of reduced density in the cement matrix are caused by chemical phe-
nomena in the matrix, which are induced, among other things, by the decomposition of the
Mg(OH)z, CagAleé-CaSO4'12HZO, Ca3A1206'6H20 and Mg6A1209'CO3'12H20. One of
the most important, due to the lower density zones recorded for temperatures above 400
°C, is the breakdown of Ca(OH),. Finally, at temperatures above 500 °C, the breakdown
of Al(OH)3, CaCO3; and MgCOs3 occurs. An additional factor causing the formation of
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micro-cracks is the different thermal expansion of the fine and coarse aggregate grains and
of the cement matrix itself

HPC in the temperature range of 20-200 °C behaved slightly differently to HPFRCs.
Already in this temperature range, a 5% change in porosity relative to the pore volume
was found in the samples before heating. This is mainly due to the thermo-humidity effect
consisting of the occurrence of gas and liquid pressure contained in the concrete pores,
accompanying the rapid evaporation of moisture from the concrete. In addition, taking into
account the previously described negative effects of aggregate grains with different thermal
expansions, it can be concluded that the change in the porosity of HPC at temperatures up
to 200 °C is due to the formation of the first micro-cracks. This phenomenon is confirmed
by the first changes around the grains of the fine aggregate recorded in CT tests (Figure 12b).
This confirms the positive effect known from the literature of polypropylene fibres which,
melting at 145 °C, i.e., at a temperature lower than the temperature at which the maximum
water vapour pressure in the concrete occurs, are partly absorbed into the matrix and partly
leave behind a network of open pores, thus reducing the internal pressure in the heated
concrete, which has no destructive effect on the cement matrix. The results obtained for
changes in the porosity of the concretes studied at 200 °C indicate that the HPC already
showed structural changes in the matrix caused, among other things, by the formation of
the first micro-cracks, while the HPFRC showed the partial melting of the polypropylene
fibres. However, the resulting pore network at the temperature analysed does not yet
translate into an increase in the porosity of the concrete. At temperatures of 400-600 °C,
analogous phenomena occur more in HPFRCs compared to those in HPCs due to the
complete melting of the polypropylene fibres. Therefore, the specific porosity increases in
these temperature ranges are similar to the porosity increases recorded in HPCs.

The results of the analysis of the failure surface in the splitting tensile test show a
significant change in its shape in both HPC and concretes containing polypropylene fibres. As
the amount of polypropylene fibres rises, an increase in the relative failure surface is observed
in the non-heated concretes. This phenomenon is caused by the adhesion of the polypropylene
fibres to the matrix, which cracks due to tensile stresses, and the embedded fibres pull out
larger amounts of material compared to HPC. This results in a more varied failure surface in
HPFRCs, which can have a beneficial effect on, among other things, the load-bearing capacity
of cracked reinforced concrete structures resulting from the ‘bridging effect’ and ‘aggregate
interlock” phenomena. The bridging effect is illustrated in Figure 20a. When a crack appears,
the aggregate grains used in the concrete mixture wedge themselves on the edges of the crack
surface, thereby increasing the load-bearing capacity of the analysed section in relation to the
cracked element in which this phenomenon would not occur. Of course, this phenomenon
only has a positive effect on the load-bearing capacity of the section within a certain range of
crack opening. “Aggregate interlock”, i.e., the “overlapping” of mutually unequal edges of
the resulting crack (Figure 20b), is a term which can be used here as the mechanism of this
phenomenon and the effect on the section resistance is the same as in the case of the “bridging
effect”. The similarity between the two phenomena is so significant that they are very often
treated as a single phenomenon in the literature and appear under the common name of an
“aggregate interlock”. The shape of the resulting failure surfaces can also have an impact in
the concrete composite structures by directly influencing the evaluation of the bond strength
between two concrete layers [66].

As the heating temperature goes up, an increase in the relative failure area was
registered, which is due to the freer detachment of larger cement matrix elements and
grains of both a fine and coarse aggregate. The occurrence of micro-cracks in the contact
zone between the matrix and the aggregate, as well as the weakening of the cement matrix
itself, enhance the detachment process of the aggregate grains in both HPCs and HPFRCs.
It should be noted in this context that, due to the melting of the polypropylene fibres at
400 °C, similar values of the relative failure area were obtained for all concretes, with a
simultaneous peaking at 600 °C.
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Figure 20. Influence of the shape of the cracking surface on the load-bearing capacity of a reinforced
concrete section [67]: (a) bridging effect model; (b) aggregate interlock phenomenon model.

5. Conclusions

This paper focuses on the study of the structure of high-performance concrete with
polypropylene fibre additives at different dosages subjected to temperatures of 200 °C, 400 °C
and 600 °C. It should be remembered that the behaviour of high-performance concretes (HPC)
under high temperature conditions can be a significant limitation in their application. As
numerous studies have shown, the use of polypropylene fibres improves the durability of
HPCs when exposed to high temperatures. Nevertheless, it is worth describing the phenomena
and changes in the structure of such concretes due to high temperatures. The research and
analyses carried out allow the following conclusions to be formed:

e  The HPFRCs tested at temperatures below the melting point of the polypropylene
fibres used had higher strength parameters than the reference HPC. This is due to the
contribution of the fibres used in transferring the load through the adhesive forces
between their surface and the cement matrix. It should be noted, however, that the
best results were obtained in specimens with 0.9 kg/m3 of polypropylene fibres.

e HPCs and HPFRCs subjected to high temperatures reduced their strength parame-
ters. The effect of temperature on the reduction in tensile strength is greater than
in compression, due to the nature of the damage that occurs in compression and
tension. In addition, especially in the case of tensile strength, it should be noted that
for temperatures of 200 °C, 400 °C and 600 °C, the influence of polypropylene fibres
disappears due to their complete melting. Consequently, the load-bearing capacity
of HPFRCs at higher temperatures is determined by the load-bearing capacity of the
other concrete components analogously to HPC.

e  The positive effect of polypropylene fibres is mainly observed between 20 °C and
200 °C. The melting of polypropylene fibres causes a delay in the development of
micro-cracks in the structure of these concretes compared to HPC. In connection with
the above, a detailed analysis of the structural changes occurring primarily between
20 °C and 200 °C is planned in the associated studies.

e  Analysis of the images obtained using the CT method confirmed the assumptions
made regarding changes in the structure of HPC and HPFRC under the influence of
all temperatures. The analysis of defects showed that, under the influence of high
temperatures, zones of a significantly lower density appear outside the pores in the
cement matrix. In addition, numerous cracks appear around the grains of both the
fine and coarse aggregates, which is reflected in the porosity of the concretes tested.
However, it should be noted that in the case of HPFRCs, their porosity only changes
from 200 °C and above, which may indicate that the heating fibres provide free space to
reduce any pore pressure, ultimately resulting in little change in the concrete structure
and less change in the cement matrix itself compared to HPC.
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e  The CT images of the structure of HPC clearly show that the first micro-cracks appear
in the concrete already at 200 °C and that this phenomenon increases in proportion to
the temperature increase. This confirms the positive effects of polypropylene fibres as
one method of increasing the heat resistance of concretes.

Author Contributions: Conceptualisation, D.W., G.PK., E.N.-J. and R.F,; methodology, D.W.; soft-
ware, G.PK,; validation, G.PK. and D.W.; formal analysis, D.W.; investigation, G.PK. and R.F;
resources, D.W.; data curation, G.P.K.; writing—original draft preparation, G.PX. and D.W,; writing—
review and editing, E.N.-J. and R.F,; visualisation, D.W.; supervision, D.W.; project administration,
G.PK. and D.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bernardi, E.; Carlucci, S.; Cornaro, C.; Bohne, R.A. An analysis of the most adopted rating systems for assessing the environmental
impact of buildings. Sustainability 2017, 9, 1226. [CrossRef]

2. Yao, F; Liu, G.; Ji, Y,; Tong, W,; Du, X,; Li, K.; Shrestha, A.; Martek, I. Evaluating the environmental impact of construction within
the industrialized building process: A monetization and building information modelling approach. Int. J. Environ. Res. Public
Health 2020, 17, 8396. [CrossRef] [PubMed]

3.  Chen,S,; Zhang, G.; Xia, X.; Setunge, S.; Shi, L. A review of internal and external influencing factors on energy efficiency design
of buildings. Energy Build. 2020, 216, 109944. [CrossRef]

4. Mréwcezynska, M.; Skiba, M.; Lesniak, A.; Bazan-Krzywoszariska, A.; Janowiec, F; Sztubecka, M.; Grech, R.; Kazak, ].K. A new
fuzzy model of multi-criteria decision support based on Bayesian networks for the urban areas” decarbonization planning. Energy
Convers. Manag. 2022, 268, 116035. [CrossRef]

5. Walach, D. Economic and environmental assessment of new generation concretes. IOP Conf. Ser. Mater. Sci. Eng. 2020, 960, 042013.
[CrossRef]

6.  Shim, H.; Kim, T.; Choi, G. Technology roadmap for eco-friendly building materials industry. Energies 2019, 12, 804. [CrossRef]

7.  Petek Gursel, A.; Masanet, E.; Horvath, A.; Stadel, A. Life-cycle inventory analysis of concrete production: A critical review. Cem.
Concr. Compos. 2014, 51, 38—48. [CrossRef]

8.  Domagata, L. Durability of structural lightweight concrete with sintered fly ash aggregate. Materials 2020, 13, 4565. [CrossRef]

9.  Jaskowska-Lemariska, J. Impurities of recycled concrete aggregate-types, origin and influence on the concrete strength parameters.
IOP Conf. Ser. Mater. Sci. Eng. 2019, 603, 042056. [CrossRef]

10. Skrzypczak, I; Kokoszka, W.; Zieba, ].; Lesniak, A.; Bajno, D.; Bednarz, L. A Proposal of a Method for Ready-Mixed Concrete
Quality Assessment Based on Statistical-Fuzzy Approach. Materials 2020, 13, 5674. [CrossRef]

11. Shen, D.; Liu, X.; Zeng, X.; Zhao, X.; Jiang, G. Effect of polypropylene plastic fibers length on cracking resistance of high
performance concrete at early age. Constr. Build. Mater. 2020, 244, 117874. [CrossRef]

12. Kalifa, P; Menneteau, F.D.; Quenard, D. Spalling and pore pressure in HPC at high temperatures. Cem. Concr. Res. 2000, 30,
1915-1927. [CrossRef]

13. Igarashi, S.I.; Bentur, A.; Kovler, K. Autogenous shrinkage and induced restraining stresses in high-strength concretes. Cem.
Concr. Res. 2000, 30, 1701-1707. [CrossRef]

14. Toropovs, N.; Lo Monte, F.; Wyrzykowski, M.; Weber, B.; Sahmenko, G.; Vontobel, P; Felicetti, R.; Lura, P. Real-time measurements
of temperature, pressure and moisture profiles in High-Performance Concrete exposed to high temperatures during neutron
radiography imaging. Cem. Concr. Res. 2015, 68, 166-173. [CrossRef]

15. Barrett, T.J.; De La Varga, I.; Weiss, W.J. Reducing cracking in concrete structures by using internal curing with high volumes of
fly ash. In Proceedings of the 2012 Structures Congress, Chicago, IL, USA, 29-31 March 2012; pp. 699-707.

16.  Polish Version of EN 1992-1-2:2008/NA:2010P; Eurocode 2: Design of Concrete Structures. Parts 1-2: General Rules. Structural Fire
Design. PKN: Warszawa, Poland, 2005.

17.  Drzymata, T.; Jackiewicz-Rek, W.; Tomaszewski, M.; Ku§, A.; Galaj, ] ; éukys, R. Effects of High Temperature on the Properties of
High Performance Concrete (HPC). Procedia Eng. 2017, 172, 256-263. [CrossRef]

18.  Behnood, A.; Ghandehari, M. Comparison of compressive and splitting tensile strength of high-strength concrete with and

without polypropylene fibers heated to high temperatures. Fire Saf. ]. 2009, 44, 1015-1022. [CrossRef]


http://doi.org/10.3390/su9071226
http://doi.org/10.3390/ijerph17228396
http://www.ncbi.nlm.nih.gov/pubmed/33202770
http://doi.org/10.1016/j.enbuild.2020.109944
http://doi.org/10.1016/j.enconman.2022.116035
http://doi.org/10.1088/1757-899X/960/4/042013
http://doi.org/10.3390/en12050804
http://doi.org/10.1016/j.cemconcomp.2014.03.005
http://doi.org/10.3390/ma13204565
http://doi.org/10.1088/1757-899X/603/4/042056
http://doi.org/10.3390/ma13245674
http://doi.org/10.1016/j.conbuildmat.2019.117874
http://doi.org/10.1016/S0008-8846(00)00384-7
http://doi.org/10.1016/S0008-8846(00)00399-9
http://doi.org/10.1016/j.cemconres.2014.11.003
http://doi.org/10.1016/j.proeng.2017.02.108
http://doi.org/10.1016/j.firesaf.2009.07.001

Materials 2022, 15, 5753 24 of 25

19.

20.
21.

22.

23.
24.

25.
26.

27.

28.

29.

30.

31.
32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.
50.

Biolzi, L.; Cattaneo, S.; Rosati, G. Evaluating residual properties of thermally damaged concrete. Cem. Concr. Compos. 2008, 30,
907-916. [CrossRef]

Xiao, J.; Konig, G. Study on concrete at high temperature in China-An overview. Fire Saf. ]. 2004, 39, 89-103. [CrossRef]
Noumowe, A. Mechanical properties and microstructure of high strength concrete containing polypropylene fibres exposed to
temperatures up to 200 °C. Cem. Concr. Res. 2005, 35, 2192-2198. [CrossRef]

Collier, N.C. Transition and decomposition temperatures of cement phases-A collection of thermal analysis data. Ceramics-Silikaty
2016, 60, 338-343. [CrossRef]

Taylor, HEW. Cement Chemistry, 2nd ed.; Thomas Telford Publishing: London, UK, 1997; ISBN 978-0727725929.

Hudson-Lamb, D.L.; Strydom, C.A.; Potgieter, J.H. The thermal dehydration of natural gypsum and pure calcium sulphate
dihydrate (gypsum). Thermochim. Acta 1996, 282, 483-492. [CrossRef]

Mackenzie, R.C. Differential Thermal Analysis. Mineral. Mag. 1972, 38, 774-776. [CrossRef]

Kwan, S.; LaRosa, J.; Grutzeck, M.W. 29 Si and 27 Al MASNMR Study of Stratlingite. J. Am. Ceram. Soc. 1995, 78, 1921-1926.
[CrossRef]

Parker, L.M.; Milestone, N.B.; Newman, R.H. The Use of Hydrotalcite as an Anion Absorbent. Ind. Eng. Chem. Res. 1995, 34,
1196-1202. [CrossRef]

Bensted, J.; Varma, S.P. Some Applications of Infrared and Raman Spectroscopy in Cement Chemistry. Part 3. Cem. Technol. 1974,
5, 440-442.

Bushnell-Watson, S.M.; Sharp, ].H. The Application of Thermal Analysis to the Hydration and Conversion Reaction of Calcium
Aluminate Cements. Mater. Construccion 1992, 42, 13-32. [CrossRef]

Deutsch, Y.; Nathan, Y.; Sarig, S. Thermogravimetric evaluation of the kinetics of the gypsum-hemihydrate-soluble anhydrite
transitions. J. Therm. Anal. 1994, 42, 159-174. [CrossRef]

Hager, I. Colour Change in Heated Concrete. Fire Technol. 2014, 50, 945-958. [CrossRef]

Kodur, VK.R. Innovative strategies for enhancing fire performance of high-strength concrete structures. Adv. Struct. Eng. 2018,
21,1723-1732. [CrossRef]

Ni, S.; Gernay, T. Considerations on computational modeling of concrete structures in fire. Fire Saf. ]. 2021, 120, 103065. [CrossRef]
Schmidt-Polonczyk, N.; Burtan, Z.; Liszka, P. Simulation of the evacuation of people in a road tunnel in the event of fire-case
study. Arch. Min. Sci. 2021, 66, 13-28. [CrossRef]

Babalola, O.E.; Awoyera, P.O.; Le, D.H.; Bendezti Romero, L.M. A review of residual strength properties of normal and high
strength concrete exposed to elevated temperatures: Impact of materials modification on behaviour of concrete composite. Constr.
Build. Mater. 2021, 296, 123448. [CrossRef]

Hager, I.; Tracz, T. The impact of the amount and length of fibrillated polypropylene fibres on the properties of HPC exposed to
high temperature. Arch. Civ. Eng. 2010, 56, 57-68. [CrossRef]

Chan, Y.N.; Luo, X.; Sun, W. Compressive strength and pore structure of highperformance concrete. Cem. Concr. Res. 2000, 30,
247-251. [CrossRef]

Poon, C.S.; Shui, Z.H.; Lam, L. Compressive behavior of fiber reinforced high-performance concrete subjected to elevated
temperatures. Cem. Concr. Res. 2004, 34, 2215-2222. [CrossRef]

Eidan, J.; Rasoolan, I.; Rezaeian, A.; Poorveis, D. Residual mechanical properties of polypropylene fiber-reinforced concrete after
heating. Constr. Build. Mater. 2019, 198, 195-206. [CrossRef]

Shah, S.N.R.; Akashah, FW.,; Shafigh, P. Performance of High Strength Concrete Subjected to Elevated Temperatures: A Review.
Fire Technol. 2019, 55, 1571-1597. [CrossRef]

Borrero, E.L.S.; Farhangi, V.; Jadidi, K.; Karakouzian, M. An experimental study on concrete’s durability and mechanical
characteristics subjected to different curing regimes. Civ. Eng. J. 2021, 7, 676-689. [CrossRef]

Hager, I.; Zdeb, T.; Krzemieri, K. The impact of the amount of polypropylene fibres on spalling behaviour and residual mechanical
properties of Reactive Powder Concretes. In Proceedings of the MATEC Web of Conferences, Concrete Spalling due to Fire
Exposure: Proceedings of the 3rd International Workshop, Paris, France, 25-27 September 2013; Volume 6.

Luo, L.; Chen, Z,; Tao, Q.; Xie, L.; Jin, D.; Li, Z.; Deng, D. Effects of high temperatures on the splitting tensile strength and gamma
ray shielding performance of radiation shielding concrete. Constr. Build. Mater. 2022, 343, 127953. [CrossRef]

Stock, S.R. X-ray microtomography of materials. Int. Mater. Rev. 1999, 44, 141-164. [CrossRef]

Brabant, L.; Pauwels, E.; Dierick, M.; Van Loo, D.; Boone, M.A.; Van Hoorebeke, L. A novel beam hardening correction method
requiring no prior knowledge, incorporated in an iterative reconstruction algorithm. NDT E Int. 2012, 51, 68-73. [CrossRef]
Nguyen, V,; Sanctorum, J.G.; Van Wassenbergh, S.; Dirckx, ]J.].].; Sijbers, J.; De Beenhouwer, J. Geometry Calibration of a Modular
Stereo Cone-Beam X-ray CT System. |. Imaging 2021, 7, 54. [CrossRef] [PubMed]

Sadowski, L.; Stefaniuk, D. The effect of surface treatment on the microstructure of the skin of concrete. Appl. Surf. Sci. 2018, 427
Pt B, 934-941. [CrossRef]

Kong, W.; Wei, Y.; Wang, S.; Chen, J.; Wang, Y. Research progress on cement-based materials by X-ray computed tomography. Int.
J. Pavement Res. Technol. 2020, 13, 366-375. [CrossRef]

Shi, PF; Yang, Y.E; Gao, Y,; Liu, ].H. Analysis of concrete meso damage based on CT. MATEC Web Conf. 2015, 31, 3-6. [CrossRef]
Stefaniuk, D.; Tankiewicz, M.; Strézyk, J. X-Ray Microtomography (uCT) as a Useful Tool for Visualization and Interpretation of
Shear Strength Test Results. Stud. Geotech. Mech. 2015, 36, 47-55. [CrossRef]


http://doi.org/10.1016/j.cemconcomp.2008.09.005
http://doi.org/10.1016/S0379-7112(03)00093-6
http://doi.org/10.1016/j.cemconres.2005.03.007
http://doi.org/10.13168/cs.2016.0050
http://doi.org/10.1016/0040-6031(95)02819-6
http://doi.org/10.1180/minmag.1972.038.298.19
http://doi.org/10.1111/j.1151-2916.1995.tb08910.x
http://doi.org/10.1021/ie00043a023
http://doi.org/10.3989/mc.1992.v42.i228.694
http://doi.org/10.1007/BF02546998
http://doi.org/10.1007/s10694-012-0320-7
http://doi.org/10.1177/1369433218754335
http://doi.org/10.1016/j.firesaf.2020.103065
http://doi.org/10.24425/ams.2021.136689
http://doi.org/10.1016/j.conbuildmat.2021.123448
http://doi.org/10.2478/v.10169-010-0003-z
http://doi.org/10.1016/S0008-8846(99)00240-9
http://doi.org/10.1016/j.cemconres.2004.02.011
http://doi.org/10.1016/j.conbuildmat.2018.11.209
http://doi.org/10.1007/s10694-018-0791-2
http://doi.org/10.28991/cej-2021-03091681
http://doi.org/10.1016/j.conbuildmat.2022.127953
http://doi.org/10.1179/095066099101528261
http://doi.org/10.1016/j.ndteint.2012.07.002
http://doi.org/10.3390/jimaging7030054
http://www.ncbi.nlm.nih.gov/pubmed/34460710
http://doi.org/10.1016/j.apsusc.2017.09.078
http://doi.org/10.1007/s42947-020-0119-8
http://doi.org/10.1051/matecconf/20153112003
http://doi.org/10.2478/sgem-2014-0035

Materials 2022, 15, 5753 25 of 25

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Tian, W.; Han, N. Pore characteristics (>0.1 mm) of non-air entrained concrete destroyed by freeze-thaw cycles based on CT
scanning and 3D printing. Cold Reg. Sci. Technol. 2018, 151, 314-332. [CrossRef]

Skarzynski, L.; Suchorzewski, J. Mechanical and fracture properties of concrete reinforced with recycled and industrial steel
fibers using Digital Image Correlation technique and X-ray micro computed tomography. Constr. Build. Mater. 2018, 183, 283-299.
[CrossRef]

Jaskowska-Lemariska, J.; Kucharska, M.; Matuszak, J.; Nowak, P.; Lukaszczyk, W. Selected Properties of Self-Compacting Concrete
with Recycled PET Aggregate. Materials 2022, 15, 2566. [CrossRef]

Kaczmarczyk, G.P; Kinasz, R.; Bilozir, V.; Bidenko, I. Application of X-ray Computed Tomography to Verify Bond Failures
Mechanism of Fiber-Reinforced Fine-Grain Concrete. Materials 2022, 15, 2193. [CrossRef]

Boshoff, W.P. A review of X-ray computed tomography of concrete and asphalt construction materials. Constr. Build. Mater. 2019,
199, 637-651. [CrossRef]

Liu, J.; Ba, M.; Du, Y.; He, Z.; Chen, J. Effects of chloride ions on carbonation rate of hardened cement paste by X-ray CT techniques.
Constr. Build. Mater. 2016, 122, 619-627. [CrossRef]

Domagata, L.; Hager, L. Influence of high temperature on compressive strength of structural lightweight concrete | Wplyw
wysokiej temperatury na wytrzymatos¢ na Sciskanie konstrukcyjnych betonéw lekkich. Cem. Wapno Bet. 2012, 17, 138-143.
Hager, I.; Tracz, T. Influence of elevated temperature on selected properties of high performance concrete modified with the
addition of polypropylene fibres | Wplyw wysokiej temperatury na wybrane wilaéciwosci betonu wysokowartosciowego z
dodatkiem widkien polipropylenowych. Cem. Wapno Bet. 2009, 29, 3-10.

Sciarretta, F.; Fava, S.; Francini, M.; Ponticelli, L.; Caciolai, M.; Briseghella, B.; Nuti, C. Ultra-High performance concrete (UHPC)
with polypropylene (Pp) and steel Fibres: Investigation on the high temperature behaviour. Constr. Build. Mater. 2021, 304, 124608.
[CrossRef]

Missemer, L.; Ouedraogo, E.; Malecot, Y.; Clergue, C.; Rogat, D. Fire spalling of ultra-high performance concrete: From a global
analysis to microstructure investigations. Cem. Concr. Res. 2019, 115, 207-219. [CrossRef]

Almasaeid, H.H.; Suleiman, A.; Alawneh, R. Assessment of high-temperature damaged concrete using non-destructive tests and
artificial neural network modelling. Case Stud. Constr. Mater. 2022, 16, €01080. [CrossRef]

Ravichandran, D.; Prem, P.R.; Kaliyavaradhan, S.K.; Ambily, P.S. Influence of fibers on fresh and hardened properties of Ultra
High Performance Concrete (UHPC)—A review. ]. Build. Eng. 2022, 57, 104922.

Xu, L.; Deng, F.; Chi, Y. Nano-mechanical behavior of the interfacial transition zone between steel-polypropylene fiber and cement
paste. Constr. Build. Mater. 2017, 145, 619-638. [CrossRef]

van der Merwe, ].E. Evaluation of concrete tensile strength as a function of temperature. Constr. Build. Mater. 2022, 329, 127179.
[CrossRef]

Bastami, M.; Baghbadrani, M.; Aslani, F. Performance of nano-Silica modified high strength concrete at elevated temperatures.
Constr. Build. Mater. 2014, 68, 402—408. [CrossRef]

Dybel, P.; Watach, D. Evaluation of the Development of Bond Strength between Two Concrete Layers. IOP Conf. Ser. Mater. Sci.
Eng. 2017, 245, 032056. [CrossRef]

Belletti, B.; Cerioni, R.; Iori, I. Nonlinear finite-element analysis of R/C deep beams. Stud. Res. Grad. Sch. Concr. Struct.—Frat.
Pesenti. 2003, 24, 51-76.


http://doi.org/10.1016/j.coldregions.2018.03.027
http://doi.org/10.1016/j.conbuildmat.2018.06.182
http://doi.org/10.3390/ma15072566
http://doi.org/10.3390/ma15062193
http://doi.org/10.1016/j.conbuildmat.2018.12.049
http://doi.org/10.1016/j.conbuildmat.2016.06.101
http://doi.org/10.1016/j.conbuildmat.2021.124608
http://doi.org/10.1016/j.cemconres.2018.10.005
http://doi.org/10.1016/j.cscm.2022.e01080
http://doi.org/10.1016/j.conbuildmat.2017.04.035
http://doi.org/10.1016/j.conbuildmat.2022.127179
http://doi.org/10.1016/j.conbuildmat.2014.06.026
http://doi.org/10.1088/1757-899X/245/3/032056

	Introduction 
	Materials and Methods 
	Preparation of Samples 
	Heating Process 
	Testing of Concretes 
	Uniaxial Compression Test 
	Brazilian Split Tensile Test 
	Computed Tomography 
	Volumetric Analysis 

	Results 
	Basic Tests 
	Results of the Destruction Surface from the Splitting Tensile Test 
	Computed Tomography 
	Defect Analysis 

	Discussion 
	Conclusions 
	References

