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Received 12 May 2022 Abstract: This study evaluated the influence of heating temperature variability on the degradation level of

Accepted 16 March 2023 concrete by varying the exposure temperatures (200°C, 450°C, and 800°C) and concrete design strength (C25
and C40). The concretes were submitted to ultrasound tests (before and after heating) and then were ruptured
by axial compression. After rupture, samples were taken from the fracture section of the specimens for
microstructural analysis by scanning electron microscope (SEM), and molecular analysis by Raman
spectroscopy. The results showed that the residual strength of the concrete can change significantly (values
differing by more than 100%) with temperature variability in the oven. There were physicochemical changes
in the concrete constituents. The variations in Raman spectra and morphological changes (SEM images)
allowed to analyze the variation in the level of degradation of concrete after exposure to fire, at the same firing
step, due to temperature variation in the ovens, being compatible with the results of compressive strength and
ultrasonic wave propagation velocity (UPV). Thus, the study highlights the need for adequate mapping of the
heat in the oven and monitoring of the temperature of specimens in studies of concrete at high temperatures.
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Resumo: Este estudo avaliou a influéncia da variabilidade da temperatura de aquecimento no nivel de degradagio de
concretos, variando-se temperatura de exposi¢do (200°C, 450°C e 800°C) e resisténcia de projeto do concreto (C25 e
C40). Os concretos foram submetidos a ensaios de ultrassom (antes e depois do aquecimento), e, posteriormente, foram
rompidos a compressdo axial. Apos a ruptura foram retiradas amostras da se¢do de fratura dos corpos de prova para
analises microestruturais, por microscopio eletronico de varredura (MEV), e analises moleculares, por espectroscopia
Raman. Os resultados mostraram que a resisténcia residual dos concretos pode mudar de maneira significativa (valores
divergindo em mais de 100%) com a variabilidade de temperatura no forno. Houve alteragdes fisico-quimicas dos
constituintes do concreto. As variagdes nos espectros Raman e as alteragdes morfologicas (imagens em MEV)
permitiram verificar a variagdo do nivel de degradac@o do concreto apds exposigdo ao fogo, em uma mesma etapa de
queima, devido variagdo de temperatura nos fornos, sendo compativeis com os resultados de resisténcia a compressao e
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com os de ultrassom (velocidade do pulso ultrassonico). Dessa forma, o estudo evidencia a necessidade do mapeamento
adequado do calor no forno e do monitoramento da temperatura dos corpos de prova, em estudos sobre concretos sob
altas temperaturas.

Palavras-chave: degradagdo, concreto, variagdo de temperatura, resisténcia residual.
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1 INTRODUCTION

Concrete is recognized for its good performance at high temperatures [1]-[5], due to its incombustibility and low
thermal conductivity [1]; in addition, the greater dimensional robustness of reinforced concrete structural elements
makes them fire-resistant for a longer time compared to those made with other materials [1], [2]. Nevertheless, the
constituents of concrete (cement paste and aggregates) decompose with heat, which not only influences the mechanical
strength but also interferes with the modulus of elasticity and thermal properties of concrete [1], [2], [S]-[7].

Regarding the hydrated cement paste phase, the main solid products of cement hydration, which have a relevant
influence on paste and concrete properties in fire, are calcium sulfoaluminates (ettringite: C-A-S-H); calcium silicate
hydrate (C-S-H), the most important phase that defines the paste properties; and calcium hydroxide (Ca(OH), -
portlandite: CH) [1], [5], [6], [8]-[11]. In fire situations, their decomposition occurs at different temperatures and affects
the integrity of reinforced concrete structures [1], [6], [8], [9], [12].

The temperature rise in fire situations generates temperature gradients, moisture variations, and crystalline
transformations that induce structural and dimensional changes in the micro and macrostructure of concrete [7], [8].
Microstructural changes can be traced through characterization techniques such as the molecular analysis by Raman
spectroscopy, used in this study to follow the different changes in the chemical compounds of concretes after exposure
to high temperature [13]-[15], at the same firing step in the oven, especially of the CSH. Morphological studies of the
microstructure of post-fire concrete by scanning electron microscopy (SEM), have also been efficiently used to analyze
concrete degradation [6], [10]-[12].

This thermal gradient mentioned above causes these transformations in the material to vary according to the depth
of the surface exposed to fire [1], [9], [10], as shown in the curves by Ongah et al. [16]. As concrete is not a good
thermal conductor, the heat propagation process inside it is slow [1], [9], [10], [17], [18].

Studies involving concrete in fire situations are carried out considering external thermal actions with heat flow by convection
or radiation from the hot gases of the burning environment [1], [3], [17], [18]. Fire curves are standardized for use in fire resistance
studies with building materials and serve as a parameter in structural designs. The most widely adopted curve in Brazil for
simulating concrete fire scenarios is ISO 834 [1], [3], [19]. For design purposes, it is common practice to admit that the
temperature of the burning environment reaches its maximum value and that there is a uniform temperature distribution in the
room [3], [17]. However, in a real fire, there is the variability of exposure to fire in structural elements [17], [20], [21], due to the
greater or lesser amount of heat absorbed from fire or smoke [18], [20], [21], which results in the variation of degradation of the
structures of concrete and structural elements [20], [21].

Similarly, large degradation differences may occur between concrete specimens under the same firing process due to
temperature variability in the oven, although Akca and Ozyurt [10] emphasize that, under the same heating scenario, the
temperature gradient and the maximum temperature reached in concrete specimens are larger than in real structural elements.

Another factor to be highlighted is that many studies regarding fire simulation in concrete are carried out with young
concrete, in which the moisture content is relatively high and the degree of hydration is reduced, which may be
premature for fire simulation [1], [8], [22]. Britez [22] proposes that studies with concrete at high temperatures be
carried out with at least one year of age of the material when it is expected that the concrete subjected to the heat of the
fire is more compatible with the concrete of existing buildings and in full use.

In the evaluation of microstructural techniques used in the stages of inspection and recovery of post-fire reinforced
concrete structures, Fernandes et al. [23] point to the lack of standardized procedures.

Some studies have shown the efficiency of ultrasound in evaluating post-fire concrete structures [24]-[26]. The
analysis of the level of degradation of the concrete occurs by observing the reduction of the ultrasonic pulse velocity
(UPV) after heating. In the study by Alcaino et al. [25], ultrasound proved to be a very effective tool in the inspection
of post-fire reinforced concrete structures, allowing diagnoses that are not restricted to visual inspection.

Associating non-destructive field tests with microstructural analyses [11], [14], [24]-[26], reliable results can be
obtained to identify both the level of damage to structural elements and the level of concrete degradation.
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Given the above, in order to contribute to the analysis of damage caused by exposure of concrete to high
temperatures [1], [3], [26], this study investigates the variation of degradation of concrete specimens due the variation
of temperature at specimens, in the same burning process. This can lead to quite different information from that obtained
when only considering the analysis of mean values of post-fire tests on concrete samples. The concrete specimens were
heated at an age of 720 days.

In order to do so, the results of ultrasonic tests will be compared with the results of mechanical tests of axial
compressive strength, correlating them with the results of molecular analysis by Raman spectroscopy [13]-[15] and
also with those of microstructural morphological studies by scanning electron microscope (SEM) [6], [11], [12]. All
involving concretes of two strength classes (variation of the water/cement ratio) submitted to three testing temperatures.

2 MATERIALS AND EXPERIMENTAL PROGRAM

2.1 Materials

The inputs used in the production of concrete were subjected to the characterization tests shown in Table 1. The definition
of these properties is relevant for both the understanding of the thermal behavior of aggregates [1], [5], [9], [12], [27]-[29]
and for the concrete mix design procedures [4], [S]. The polyfunctional additive (Muraplast FK 320) and the hydration
stabilizer additive (Hydrakem Novakem) were also used in the mixture of the two types of concrete used in this study. The
water used in the mixture was from the local water distribution network.

Table 1. Results of the physical characterization.

Characterization test

Inputs Fineness Hot expandability Initial setting time
(ABNT NBR 11579:2012) (ABNT NBR 11582:2018) (ABNT NBR 16607:2018)
Portland Cement CP II F 40 Fineness index= 6.3% 0.3 mm 75 minutes
Real specific mass Unit mass Granulometry
(ABNT NBR 16917:2021) (ABNT NBR 16972:2021) (ABNT NBR NM 248:2003)
Fine-grain natural fine-sand 2.605 g/em’ 1.930 g/em’ Dmax = 2.4mm
aggregate
Artificial gneiss fine-sand 2.667 glem’ 1300 g/em’ Dmax = 2.4mm
aggregate
Coarse aggregate (gnaisse) 2.643 g/cm’ 1.400 g/cm? Dmax = 12.5mm

2.2 Production of specimens

The two classes of concrete strength used in this study, Class C25 and C40 (NBR 8953 [30]), were adopted because
they are common in reinforced concrete structures. In the concrete mixture, the proportionality between the constituents
(mix design) followed the official document provided by the concrete company, including the water/cement ratio, which
was 0.65 and 0.53 for the concretes of classes C25 and C40, respectively.

After mixing, the concrete cylindrical specimens (100 mm x 200 mm) were molded following the procedures
of NBR 5738 [31]. After 24 hours, they were removed from the molds and taken to moist curing by immersion
for 30 days [32]-[34], from where they were left for air drying until the age of fire exposure. Twenty specimens
were molded for each of the strength classes addressed in this study (five not exposed to fire and fifteen exposed
to temperatures of 200 °C, 450 °C, and 800 °C).

In order to verify the physical-chemical transformations that occur in the material [6], [9], [10], and therefore, the effects
on the mechanical properties of concrete, especially compressive strength, the specimens were subjected to exposure to fire
at an age of 720 days. Which is in accordance with Britez and Costa [1] and predicted in RILEM [32], [33], regarding the
need for studies on concrete against fire to meet the minimum requirements of maturity, moisture, and hydration degree. For
each of the strength classes, the fifteen heated specimens formed three control groups, each group containing five specimens
that were exposed to each temperature level previously mentioned. Another control group was formed by the five specimens
that served as reference, for each strength class, so they were not heated and were used to verify the axial compressive strength
of concrete at room temperature and at the heating age. The control groups were defined as follows: groups 25REF, 25200,
25450, and 25800, which are concretes of strength class C25, reference specimens and at temperatures of 200 °C, 450 °C,
and 800 °C, respectively; groups 40REF, 40200, 40450, 40800, which are concrete of strength class C40, reference specimens
and at temperatures of 200 °C, 450 °C, and 800 °C, respectively.
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2.3 Heating and cooling of specimens

The specimens were heated in a ceramic block firing oven (Figure 1) from a ceramic products industry. The
monitoring of the temperature on the surface of the samples was done using pyrometers (model MT 395 A -MINIPA)
and infrared camera (FLIR- series T- model T-640)-Figure 1c. In the oven, the concretes were exposed to fire until
reaching the target temperatures of 200 °C, 450 °C, and 800 °C.

Due to the thermal treatment time adopted, during each firing stage it was possible to observe temperature variability
inside the oven, and, consequently, in the concrete specimens, as occurs with the structural elements of buildings in fire
situations, where, due to greater exposure to heat, some elements, or part of them, are more degraded [16], [17], [19], [20].
At each stage of exposure to fire, temperature readings were taken in at least six specimens, resulting in the mean temperatures
and standard deviations shown as follows: for the target temperature of 200 °C the average temperature was 188 °C and the
standard deviation was 58 °C; for the target temperature of 450 °C they were 401 °C and 52 °C, respectively; for the target
temperature of 800 °C they were 778 °C and 156°C, respectively. Confirming that there was this temperature variability
between the specimens, and, therefore, variation of degradation, even with the procedures described above.

After 100 minutes of the specimens reached the target temperature predicted in each firing step, all specimens were
removed from the oven and cooled in the air until they reached room temperature, as shown in Figure 1d.

In the present study it was decided to limit the exposure time, which leads to temperature gradients along the section of the
specimens. This was done so as not to expose the surfaces to too much heating time, thus allowing both the curves performed by
Ongah et al. [16] to be met, and the tests and analyses proposed in this study to be performed, based on the size of the standardized
specimens used. Furthermore, even if a longer exposure time was used, it was expected that there would be a degradation gradient
of the specimens, due to the temperature difference between the core region and its surface.

The reference specimens, at the heating age of the other specimens, had their moisture content determined by the conventional
weighing procedure, obtaining their weight before and after being placed in the oven where they remained for 24 hours at a
temperature of 100 °C. The average moisture obtained was 2.12% for class C25 concrete and 2.48% for class C40.

thermal image of concrete specimens in the oven; d) specimens cooling after leaving the oven.

2.4 Axial compression test

All concrete specimens were subjected to the axial compressive strength test (Figure 2), as defined by NBR 5739 [34].
These tests occurred in the mechanical testing machine MUE-100 (load capacity of 100 tf). Of the forty specimens tested,
thirty were ruptured after being heated in the oven, and ten were reference specimens. The rupture of these specimens
made it possible to verify the variation of the residual strength of the concrete, after the same firing step, due to the non-
uniformity of heat in the oven. This can also be confirmed by the variation of ultrasound signals, by the results of Raman
spectroscopy, and by the microstructure images present in the samples analyzed by SEM.
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Figure 2. Specimen during compression rupture test.

2.5 Ultrasound tests

The concrete specimens were subjected to direct measurements of the ultrasonic pulse velocity (UPV) with
PUNDITLAB ultrasound, 54 kHz transducer, before and after being heated in the oven (Figure 3). In these procedures,
the recommendations of RILEM [35] were followed. These measurements allowed to evaluate the variation of UPV,
in post-heating, between specimens of the same control group, and therefore, submitted to the same firing step in the
oven. In addition, they allowed to correlate the variation of these velocities with the variation of the results of destructive
tests of mechanical compression, in concrete from the same control group.

Figure 3. Specimens during measurement of ultrasonic pulse velocity.

2.6 Analysis of the microstructural morphology of concrete after exposure to fire

Samples were collected from the fracture surface of specimens submitted to the same firing process (same control
group) for evaluation by scanning electron microscope (SEM -JCM-5700 CARRY SCOPE), after drying in the oven
for 24 hours (at 100 °C) and gold plating. These analyses allowed visualizing different morphological changes in the
microstructure of the concrete specimens belonging to the same control group, as a function of the variability of the
oven temperature, which incurs in the variation of degradation of concrete subjected to the same firing process.

Scanning the sample using SEM makes it possible to identify the presence or absence of the characteristic microstructures of
the main cement hydration products [5], [12], [36], the state of deterioration of aggregates [11] and, thus, better estimate the level
of severity of the fire on the concrete [11], [12], [23]. The samples were taken from the fracture surface from points located up
to 2 cm from the edges, in order to ensure that the concrete reached the target temperature, according to Ongah et al. [16].
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2.7 Verification of chemical compounds in concrete

Raman spectroscopy was used on samples obtained from the fracture surfaces of specimens exposed to fire in the
same firing - at least three concrete samples from each control group were used. This characterization technique
contributes to the identification of cement hydration products and aggregate phase changes making it possible to
estimate the temperature reached by the concrete [11], [13]-[15], [36]-[42]. The same methodology was used for
choosing samples for analysis by Raman spectroscopy and SEM. However, in the Raman spectroscopy technique, data
were collected from at least three points in each sample, in order to minimize the effects of eventual sample
inhomogeneity, and then averaged to create a Raman profile for all the concrete samples.

The Raman spectra of the samples were obtained with the Dispersive Raman Spectroscopic Senterra, Bruker Optik
GmbH. The analyses were performed on two solid powder samples, which were deposited on glass slides, and extracted
from the fracture surface of concrete specimens after the axial compression failure test. The scans were performed using
an iodine laser with a wavelength of 785 nm, in the region from 100 to 1600 cm™.

In the present study, Raman spectroscopy has contributed to identifying the differences in the degradation of concrete
specimens submitted to the same heating step, through the temperature variability in the oven. Confirming what was observed
in the micrographs, the Raman spectra obtained showed a variation in the chemical compounds present in samples extracted
from concretes belonging to the same control group, i.e., which were submitted to the same firing instant.

3 RESULTS AND DISCUSSIONS

3.1 Ultrasonic pulse velocity variation (UPV)

The results of the ultrasonic pulse velocities (UPV) shown in Table 2 correspond to those measured before and after
exposure of the concrete specimens to fire, for both the concretes of class C25 strength and for those of class C40.

As shown in Table 2, for both strength classes, there was a reduction in the average UPV with increasing temperature, as
predicted in the literature [24]-[26]. This can also be observed from the average velocities of specimens before and after exposure
to fire, as shown in Table 2. The comparison of UPV averages is shown in Table 3. By applying the statistical treatment of
Student's t-test, with 95% confidence, there was significant variation (t>critical and P factor <0.05) of UPV for specimens heated
up to the three temperature ranges treated in this study, except in class C25 for the temperature of 450°C. Which may result from
the greater dispersion of the values in relation to the average velocities at this temperature.

Table 2. Results of ultrasonic wave velocity in C25 e C40 concrete, in m/s.

Before heating (Vo) After heating (Vo)
Strength Class C25200° C25450* C25800* 25200 C25450 C25800
4516.65 4346.75 4654.00 4190.18 3284.56 354142
4493.09 4597.26 447635 4159.18 404121 1953.56
C25 4540.84 4593.85 4593.54 4240.10 3295.78 1940.23
4627.03 3509.03 4522.85 4255.60 3983.39 357.48
4555.10 457339 4648.11 4079.65 2221.12 744.09
Average 4546.54 4324.06 4578.97 4184.94 3365.21 1707.36
Coefficient of variation (%) 112 10.81 1.70 1.68 21.83 73.09
501737 4986.36 5075.65 4680.35 2710.05 3812.55
4884.98 4905.13 4923.12 4442.55 3954.55 1952.32
C40 4865.76 4934.59 4910.09 4452.79 2439.39 220438
4891.80 4973.03 5024.50 4505.80 4653.38 3672.11
4924.67 4935.21 4960.63 4547.66 4193.90 235.63
Average 4916.91 4946.86 4978.80 4525.83 3590.26 2375.40
Coefficient of variation (%) 1.22 0.66 1.41 2.13 26.88 61.49

*Readings of the specimens before heating.

Table 3. Statistical indicator for test t of student-comparative UPV before and after heating.

Strength class Comparative Factor t P-value teritical
Vo 200: VO 200 11.81 29.46E-5 2.78
C25 V0450 - Vo 450 2.07 0.10700 2.78
Vo 800 - Ve 800 5.24 6.34E-4 2.78
V200 - Vo 200 22.10 2.48E-5 2.78
C40 V450 - Vo 450 3.13 0.03500 2.78
Vo 800 - Ve 800 4.11 0.01470 2.78

*See the corresponding values in Table 2.
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KV is defined as the coefficient of reduction of the concrete UPV velocity according to the increase of the exposure
temperature, obtained according to Equation 1.

KV0=V/V, (D

Where V, = average ultrasonic pulse velocity of the specimens before heating to the target temperature 6 (m/s); V=
ultrasonic pulse velocity of each specimen heated at the temperature 6 (m/s).

The KV6 values in Table 4, for each temperature in question, were obtained by averaging the values of this
coefficient for each specimen. The coefficients of variation of these coefficients, corresponding to each control group,
are also described in this table.

Table 4. Velocity reduction factor (KV0) for classes C25 ¢ C40.

Strength class C25 C40
Control group C25200 C25450 C25800 C40200 C40450 C40800
KVo 0.92 0.78 0.37 0.92 0.73 0.48
Coefficient of variation (%) 1.63 21.90 72.97 2.07 27.40 60.42

Aiming to evaluate the behavior of the reduction of KV values with the exposure temperature, the statistical
treatment of Anova - double factor with repetition was used, considering a 95% confidence level. The F-value and the
significance probability (P-value), presented in Table 5, indicate that the variation of the KV6 coefficient with the
increase of the temperature is significant, however, the same does not occur by changing the strength class of the
concrete (in the line “sample”, F<Fcritical and P-value>0.05). The reduction of the velocity is independent of the
strength classes studied. To determine which averages of these coefficients are statistically different, with a confidence
level of 95%, the Tukey test was performed, as shown in Table 6.

Table 5. Statistical indicators for ANOVA-double factor with repetition for the velocity reduction factor (KV0).

Source of variation SQ DF MQ F P-value F critical
Sample 0.002231 1 0.002231 0.059 0.811 4.260
Columns 1.269401 2 0.634701 16.71 2.84E-05 3.403
Interactions 0.031819 2 0.015909 0.419 0.663 3.403
Within 0.911597 24 0.037983
Total 2.215048 29

SQ=Sum of squares (total); DF=degree of freedom (total); MQ= Mean Square (Variance)

The pairs analyzed in Table 6 indicate that the difference between the means of KV0 at temperatures of 200 °C and
800 °C is greater than the minimum significant difference (MSD) for both concretes under study. Between temperatures
of 450 °C and 800 °C, this difference occurs only in class C25. For both strength classes, the reductions of UPV at
temperatures of 200 °C and 450 °C are equal.

Table 6. Comparison between the UPV averages (Tukey’s test) with respective minimum significant differences (MSD) for each pair.

Difference between

Class of concrete Comparative * MSD Conclusion
averages
C25200 - C25450 0.308 0.142 equals
C25 C25200 - C25800 0.308 0.548 different
C25450 - C25800 0.308 0.405 different
C40200 — C40450 0.308 0.195 equals
C40 C40200 — C40800 0.308 0.443 different
C40450 — C40800 0.308 0.249 equals

*See the corresponding values in Table 4.

Table 2 shows that there is a higher coefficient of variation between UPV values in the control groups for the
temperature levels of 450 °C, and 800 °C for both strength classes. This also confirms the greater influence of the
variability of the oven temperatures on the degradation levels of the concretes at these exposure temperature levels.
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In order to evaluate the variation of concrete degradation at temperatures of 450 °C and 800 °C, observing the
influence of non-uniformity of heat in the oven, the parameter KVO1 was defined as the velocity reduction coefficient
obtained from the specimen with the lowest UPV value in post-heating, according to Equation 2.

KV01=Vi/Vo 2

Where Vo= average velocity of the specimens before heating to 6 (m/s); V= the minimum velocity of the specimen
heated to 6 (m/s).

Table 7 shows the KV01 values for the temperature levels under study, considering the strength classes C25 and C40. In both
classes there are lower values of residual velocities at temperatures of 450 °C and 800 °C, compared to what was observed at
these temperature levels in Table 4, indicating that there may be sudden variation in the degradation of concrete specimens due
to the higher or lower exposure to heat in the same firing. In addition, it is noted that the non-uniformity of temperature in the
oven, at the highest heating levels (450 °C and 800 °C), caused a greater variation in concrete degradation.

Table 7. KVO1 coefficients for classes C25 ¢ C40.

Class C25 C40
Group C25200 C25450 C25800 C40200 C40450 C40800
KVol 0.92 0.51 0.08 0.92 0.49 0.05

3.2 Compression strength of concrete

Table 8 shows the values of compressive strength of concrete specimens, both reference specimens (not exposed to
fire) and those submitted to heating at the three exposure temperatures considered. There was a decrease in the average
strength value with increasing temperature, in accordance with the literature [3], [9], [25].

Table 8. Compressive strength results for C25 and C40, in MPa.

Compressive strength — RO

Control group

C25 Average Coefficient of variation (%)
C25REF 34.15 24.67 35.25 28.14 33.74 31.19 14.65
C25200 25.69 33.88 33.85 35.55 25.03 30.80 16.30
C25450 14.87 25.76 26.34 31.26 23.44 24.33 24.70
C25800 24.57 14.55 18.99 17.33 18.70 18.83 19.44
Control group C40 Average Coefficient of variation (%)
C40REF 45.67 52.44 50.00 54.01 52.66 50.96 6.46
C40200 53.91 46.82 50.35 49.26 52.60 50.59 5.51
C40450 37.25 41.20 32.26 51.10 50.88 42.54 19.61
C40800 48.78 21.58 29.46 34.71 10.87 29.08 48.87

KC# is defined as the coefficient of reduction of the axial compressive strength of concrete by increasing the
exposure temperature (Equation 3).

KC6=R/Ro 3)

Where Ro= Average strength of the reference specimens (MPa); R= strength of each specimen heated to 6 (MPa).

The KC8 values shown for each temperature level in Table 9 were obtained by averaging the values of this
coefficient for each specimen. The coefficients of variation of these coefficients, corresponding to each control group,
are also described in this table.

Table 9. Axial compression strength reduction factor (KC0) for classes C25 e C40.

Class C25 C40

Group C25REF C25200 C25450 C25800 C40REF C40200 C40450 C40800

KCo 1 0.99 0.78 0.60 1 0.99 0.83 0.57
CV" (%) - 16.16 24.36 20.00 - 5.05 19.28 49.12

*CV= Coefficient of variation
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In order to evaluate the behavior of the reduction of KC8 values with the exposure temperature, it was used the statistical
treatment of Anova - double factor with repetition, considering a 95% confidence level. The F-Values and the significance
probability (P-value), presented in Table 10 indicate that the variation of the mean of the KCO coefficients with the increase of
the temperature is significant, but the reduction of strength is independent of the classes of concrete strength (in the line “sample”,
F<Fcritical and P-value>0,05). Which is analogous to what occurred with the reductions of UPV.

To determine which means of these coefficients are statistically different, with a confidence level of 95%, Tukey's
test was performed (Table 11).

Table 10. Statistical indicators for ANOVA-double factor with repetition for axial compression strength factor (KC6).

Source of variation SQ DF MQ F P-value Fcritical
Sample 0.000423 1 0.000423 0.018 0.893 4.14910
Columns 1.131994 3 0.377331 16.330 1.30E-06 2.90112
Interactions 0.009970 3 0.003323 0.144 0.933 2.90112
Within 0.739437 32 0.023107
Total 1.881800 39

SQ=Sum of squares (total); DF=degree of freedom (total); MQ=Mean Square(variance).

The pairs analyzed in Table 11 show that the difference between the averages of KC0 at temperatures of 200 °C and
800 °C is greater than the minimum significant difference (MSD), for both concretes under study, there is, therefore,
reduction of resistance with heating at this temperature level. The same occurs in the comparative KCO between the
temperatures of 800 °C and room temperature. There was no significant reduction in concrete strength for heating up to
temperatures of 200 °C and 450 °C for both strength classes. The strength reduction coefficients at these two temperatures
are, according to the statistical treatment adopted, equal to those at room temperature (groups C25REF and C40REF).

Table 11. Comparison between the average values of KCO (Tukey’s test) and the minimum significant difference (MSD) for each pair.

Strength Class Comparative * MSD Difference between averages Conclusion

C25REF - C25200 0.261 0.012504 equals
C25REF - C25450 0.261 0.219814 equals

25 C25REF - C25800 0.261 0.396345 different
25200 - C25450 0.261 0.20731 equals
25200 - C25800 0.261 0.383841 different
(25450 - C25800 0.261 0.176531 equals
C40REF — C40200 0.261 0.007222 equals
C40REF — C40450 0.261 0.165201 equals

c40 C40REF — C40800 0.261 0.430211 different
C40200 — C40450 0.261 0.157980 equals
C40200 — C40800 0.261 0.430211 different
C40450 — C40800 0.261 0.265010 different

*See the corresponding values in Table 9.

The results obtained for the temperature of 450°C are diverging from the technical literature [5], [6], [9], [11]H13], [43] that
reports a reduction in strength at this level of concrete heating due to the partial decomposition of CSH and portlandite. Tables 8
and 9 show a higher coefficient of variation for compressive strength and KC0 values, respectively, in the two control groups
corresponding to this temperature level (C25450 and C40450). This fact should indicate a greater influence of temperature
variability in the oven in this firing, and, consequently, variation in the degradation of the concretes, even if the deviation observed
in the oven at this temperature (450 °C) was lower than at the temperature of 200 °C (item 2.3). This is due to the little
decomposition of the constituents responsible for the strength of the concrete at this lower temperature level (200°C).

In line with what was discussed in the UPV reduction analysis (item 3.1), also at the temperature of 800 °C, there is a greater
coefficient of variation between the values of compressive strength for both strength classes, indicating a greater influence of the
non-uniformity of temperature in the oven in the degradation of the specimens during heating at this temperature level.

The parameter KCO1, defined as the strength reduction coefficient for the specimen with the lowest value of
compressive strength after heating (Equation 4), was used to contribute to the evaluation of the influence of temperature
variability in the oven on the variation of concrete degradation, especially at temperatures of 450 °C and 800 °C.

KC6O1=Ri/Ro 4)
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Where Ro= Average axial compression strength for the reference specimens (MPa); R;= Minimum axial compression
strength for specimens heated to 6 (MPa).

The values of KCO1 for the temperatures under study, in classes C25 and C40, are presented in Table 12. Especially at
temperatures of 450 °C and 800 °C, the values of residual strength observed point to a large variation in the degradation of
concrete specimens due to the higher or lower exposure to heat in the same firing, as also seen from the variation of the residual
velocity. This also confirms the previous statement about at higher temperatures - 450°C and 800°C (item 2.3), there is a greater
influence of the temperature variation in the oven, on the levels of degradation of the specimens.

Table 12. KCO1 coefficients for classes C25 ¢ C40.

Class C25 C40
Group C25200 C25450 C25800 C40200 C40450 C40800
KCH1 0.80 0.48 0.47 0.92 0.63 0.21

3.3 Residual strength versus residual velocity

3.3.1 Average residual compressive strength (KC0) versus average residual velocity (KV0)

Table 13 presents, for the two strength classes under study, both the average values of the velocity reduction
coefficients (KV0) and compressive strength (KC0), as well as the values of these coefficients for the specimens with
lower velocity and strength, KVO1 and KC01, respectively.

Table 13. KV6, KVO1, KC6 e KC61 coefficients for classes C25 e C40.

Class C25 C40

Group C25200 C25450 C25800 C40200 C40450 C40800
KCo 0.99 0.78 0.60 0.99 0.83 0.57
KCo1 0.80 0.48 0.47 0.92 0.63 0.21
KVo 0.92 0.78 0.37 0.92 0.73 0.48
KVo1 0.92 0.51 0.08 0.92 0.49 0.05

Figure 4 shows the graph with the average reduction coefficients (KV6 and KC8), for classes C25 and C40, as well
as the correlation curve of residual strength versus residual velocity. By the trend line that it is possible to state that
there is a linear relationship between resistances and residual velocities, once the determination coefficient in the linear
regression (R?) is higher than 0.94, indicating that the adopted model is well-adjusted to the data. It is observed that the
average residual strengths and velocities tend to decrease with the increase of temperature, with the same behavior for
the two concretes under study, although until the temperature of 450 °C the values of residual strengths are statistically
equal, as discussed in item 3.2. This behavior is identical to the residual velocities, as discussed in item 3.1.
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Figure 4. Correlation curves of KCO versus KV0 for C25 e C40.
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3.3.2 Minimum residual strength (KC01) versus minimal residual velocity (KV01)

The graph with the reduction coefficients referring to the specimens with lower velocities and residual strengths
(KV01 and KC01), for classes C25 and C40, is presented in Figure 5. It also shows the correlation curve of the lowest
residual strength versus lowest residual velocity, through which it is also possible to observe that there is a linear
relationship between KV01 and KC01, with a linear regression coefficient of determination (R?) of 0.89, indicating that
the adopted model is also well fitted to the data. Similar behavior to that observed in the curve of Figure 4 is observed,
with strengths and residual velocities reducing with increasing temperature, with both concretes presenting the same
behavior. However, comparing the data from Figures 4 and 5, and those from Table 13, it can be seen that at 450 °C
and 800 °C, the observed values for strengths and residual velocities indicate a greater variation in the degradation of
the concrete specimens due to the variability of exposure to fire (item 2.3) during the same round of heating in the oven.
There was a reduction in the residual strength, from KC6=0.57 to KC01=0.21, and in the residual velocity, from
KV0=0.48 to KV01=0.05, at a temperature of 800 °C.
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Figure 5. Correlation curve of KCO1 versus KVO1 for C25 and C40.

3.4 Material characterization

3.4.1 Scanning electron microscopy (SEM)

In the photographs obtained by scanning electron microscope (SEM), presented in Figure 6, it is possible to identify
the difference between the morphology of compounds found in concretes that were submitted to the same firing step in
the oven, with a target temperature of 450 °C. As expected in the technical literature [6], [9], [13], the micrograph of
Figure 6a shows a lower prevalence of ettringite and monosulphates, as well as the presence of pores, CSH structures,
and portlandite (CH), which is in line with what has been described in the literature [1], [6], [12], [13], [43], regarding
the decomposition temperature range of portlandite (approximately 400 °C to 600 °C). In Figure 6b, the presence of
ettringite needles and monosulphates is also observed, even though it was obtained from a concrete sample that was
also submitted to the same heating moment corresponding to the target temperature of 450 °C.

The images shown in Figure 7 were obtained from concretes heated up to the target temperature of 800 °C, in the
same firing step in the oven. In Figure 7a it is observed that the morphology of the compounds still characterizes the
presence of portlandite (CH), but with the CSH quite decomposed in relation to what is observed in Figure 6a, although
at this temperature level, the complete decomposition of portlandite was expected [7], [9], [11]-[13], [43]. In Figure 7b
it is noted the highest degree of degradation of the sample analyzed since the greatest presence of voids is observed,
with CSH structures in decomposition and greater difficulty to evidence the presence of portlandite (CH), justifying the
greater loss of strength and UPV, observed in Figure 5, in the specimen corresponding to this concrete sample.
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Figure 7. SEM micrograph of a concrete sample heated to a temperature of 800°C: a) less degraded sample; b) most degraded sample.

3.4.2 Raman spectroscopy

In the literature, some works emphasize the understanding of the structure of CSH, and its corresponding Raman
shifts [13], [15], [38]-[41], from the relationship with the structure of tobermorite and jenite [13], [39], [41]. In it, the
bands observed in the 800 to 1080 cm™! are attributed to symmetric elongations of the Si-O tetrahedron. The band from
600 to 700 cm™! corresponds to the symmetric bending of Si-O-Si. The spectral shift bands from 430 to 540 cm’!, on
the other hand, are associated with internal deformations of the Si-O tetrahedra in the O-Si-O bond. Finally, the bands
in the range of 100 to 250 cm™! are attributed to vibrations of Ca-O polyhedra [13], [39], [41].

Figure 8 shows the average Raman spectra of concrete subjected to the same firing process, heated at 450 °C and
800 °C. These spectra indicate the variation in the degradation of the concrete even though they were exposed to firing
in the oven at the same time.

At 450°C, observing the three spectra of Figure 8a, besides the bands 3 of CSH [37]-[41], the band of portlandite (CH), at
365 cm! [13], [37]-[41], has less intensity in the blue curve in relation to the other two. There is a variation regarding the
intensities of bands related to the decomposition products of CSH [6], [12], [13], [39], as can be observed by the formation of
C2S, at 533 and 614 cm’!, of C;S at 794 cm!, and of C3A, at 753 cm! [13], [38], [40], [41]. There is also the most intense silica
band at 465 cm! and the gehlenite band appears at 625 cm™! [13], [38], only in the blue curve. Moreover, the absence of the band
at 998 cm! [13], [38], [41], [42] indicates the decomposition of ettringite [1], [6], [9], [11]-[13], [43] in all samples. At this
temperature, there were small shifts of the CSH bands among the three spectra, which, as predicted in the literature [13], [15],
also suggests variation in CSH decomposition.
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The analysis of these spectra confirms what was observed in the SEM images and in the residual strength and
velocity curves since the sample corresponding to this blue curve is the concrete that presented the lowest KCO and
lowest KV0.

Analyzing Figure 8b, temperature of 800 °C, the appearance of a band in 465 cm' is observed in the red
curve [12], [15], [38], [41], referring to the change of alpha quartz to beta quartz phase [1], [6], [9], [11], [13], [15], [42]. In it
the bands related to CSH and portlandite [13], [3]-{41], are no longer present, indicating their decomposition, according to the
literature [6], [9], [11]-[13], [15], [42]. This can also be proved by the existence of the gehlenite bands (at 614 and 908 cm™! [38])
and the bands corresponding to the alite (C3S) and belite (C>S) phases [13], [38]-{41]. A slight shift and broadening of the base
of the CaCOj; band are observed, near 1080 cm!, which suggests an amorphous phase of this compound [13], [38], [40], [41].

In relation to the other spectra, the absence of portlandite-related bands is observed in all of them, but CSH and
decomposition product bands are still present [13], [37]-[41], which indicates variation in the degradation of the
concretes of these samples.

Thus, it is noted that the Raman spectrum of the sample corresponding to the red curve confirms what was observed
through SEM images (Figure 7) and ultrasound results because this sample was extracted from the specimen with lower
residual strength and velocity.
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Figure 8. Raman spectra of concrete heated samples at 450°C (a) e 800°C (b).
4 CONCLUSIONS

The aim of this study was to evaluate the effectiveness of analyzing the level of degradation of concrete after
exposure to fire by compressive strength and ultrasound results, by SEM analysis, and by Raman spectroscopy. The
following conclusions can be drawn based on the results:

e Exposure to high temperatures causes physical-chemical changes in the concrete constituents, causing, therefore, a
reduction in its compressive strength and ultrasonic pulse velocity (UPV), and this reduction is independent of the
concrete strength class.
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e The microscopic images showed different changes in the microstructure of the post-fired cement paste, depending
on the higher or lower exposure to heat in the oven. The morphological changes were compatible with the results
of compressive strength and UPV, contributing to the identification of the variation of concrete degradation by
temperature variation in the oven.

e Raman spectroscopy allowed to verify the variation of the degradation level of concrete after exposure to fire, from
the differences between the spectra obtained from concrete subjected to the same heating process. At 450°C, a
variation in the intensity of the portlandite band was identified among the spectra, in addition to variations related
to the intensity of the CSH decomposition products and displacements of its bands. At 800°C the degradation
variation can be noted by the evidence of CSH bands in some spectra and the non-appearance of bands related to
decomposition products, such as quartz.

e The temperature variability in the heating process caused differences greater than 100% between the average
residual resistance (KC0) and the one corresponding to the most degraded specimen (KC81), at the temperature of
800 °C. At this same temperature, the residual velocity of this most degraded specimen (KV01) was close to zero,
while the average value (KV0) was 48%.

e The temperature variability in the oven caused greater variation in degradation for the concretes heated up to the
reference temperatures of 450 °C and 800 °C, which did not occur for the concretes exposed to heat at the target
temperature of 200 °C.
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