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Abstract

The aim of this research was to evaluate the behaviour of the physical, mechanical and elastic parameters of concretes made with different water/cement ratios, subjected to different temperature levels, using ultrasonic wave propagation. After exposure to high temperatures, cylindrical and prismatic concrete samples were subjected to slow and abrupt cooling, demonstrating the influence of the type of cooling on compressive strength, modulus of elasticity, mass loss and wave propagation speed. Statistically significant multiple regression models were developed at the 95% confidence level as predictors of concrete strength and stiffness through the velocities obtained by ultrasound testing, enabling the integrity of structures to be monitored and verified after fire situations.
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1. INTRODUCTION

One of the main concerns of civil engineering is related to changes in the strength and deformation properties of concrete structural elements when subjected to high-temperature fire situations. Post-action structural knowledge of high temperatures in concrete is a challenge in academic circles, given the cooling speeds. According to Moreno and Souza (2010), fighting a fire represents the action of sudden cooling, causing a reduction in resistance due to variations in the temperature gradients that originate in the concrete. Growing technological advances in recent decades have brought new technologies to the construction sector, especially tests using ultrasonic waves, allowing concrete structures to be assessed without the need to extract specimens from the structures to analyse mechanical and elastic parameters.

The Brazilian standards ABNT-NBR 8802 (2019), European BS 1881:203 (1986), ACI 228 (2003) and EN 12504 (2004), propose that correlations between ultrasound wave propagation speed and concrete strength should be used after calibration for a given mix and/or component characteristics, such as the proportion of aggregates, water-cement ratio. However, ultrasound test results are indirect measurement parameters and should be interpreted as indicative of behaviour, but in decision-making situations they should be accompanied by destructive tests that determine the real properties being assessed. According to Estacechen (2020), the method of assessing the compressive strength of concrete through the moulding and breaking of specimens remains the most reliable assessment system, followed by cores, which demonstrate better safety parameters in a real assessment of the structure, in the case of structures that have already been built.

Ultrasound testing helps to classify and characterise concrete, but it is also used to detect internal flaws and concrete thickness (Ohdaira and Masuzawa, 2000; Sutan and Meganathan, 2003). Researchers have used ultrasound testing to create correlation models to predict the relationship between ultrasound wave propagation and other physical-mechanical characteristics. However, care must be taken when using correlation curves, as there are several factors that can interfere with the results, such as strength (Silva, 2020), modulus of elasticity (Trtnik et al., 2008; Yıldrım and Şengul, 2011), density (Mohammed and Hasan, 2016), porosity (Lafhaj et al., 2006) and permeability (Panzera et al., 2008). In addition, the properties of the water-cement ratio (Ye et al., 2011; Silva, 2020), aggregate size (Berriman et al., 2005), hydration process (Zhang, et al., 2009), and curing conditions chamber et al. (2019). In addition to the state of stress that affects the speed of propagation of ultrasonic waves, this phenomenon is called acoustoelasticity (Lillamand et al., 2010). Temperature has a great influence on the propagation speed of ultrasonic waves in concrete, but this effect seems to be insignificant for temperatures in the 10 to 30°C range, according to DIN EN 12504 (2004). Experimental studies carried out on concrete samples with different water-cement ratios, subjected to high temperatures ranging from 400 to 600°C (Gyu-Yong et al.; 2009); 400 to 600°C (Yang et al, 2009); 100 to 400 °C (Ozawa et al., 2014); -18 to 180°C (Güneyli et al., 2017), 100 to 700°C (Hwang et al., 2018), found a decrease in the ultrasonic pulse velocity of concrete, as well as compressive strength and modulus of elasticity, after cooling in samples subjected to temperatures above 300°C. It is possible to monitor internal defects in concrete because there is a correlation between the increase in cracks caused by expansion at high temperatures and the decrease in ultrasound wave propagation. Eurocode 2 (2004) and ABNT - NBR 15200 (2012) present models that determine the characteristic compressive strength of concrete and the modulus of elasticity, according to the increase in temperature, through indicative values of the reduction factor of the characteristic strength (kc,ϴ) and reduction of the modulus of elasticity (kcE,θ). In the scientific literature, studies evaluating the mechanical and elastic parameters of concrete using ultrasound testing for different temperature levels and types of cooling (slow and abrupt) use direct testing, which is considered the most suitable for correlating the material's mechanical properties with the speed of wave propagation. However, the assessment of post-fire structures almost never has access to the ends of the part under inspection, making it necessary to carry out an indirect test. In view of the above, the general aim of the research was to obtain multiple regression models between different temperature levels and types of cooling, associated with the parameters obtained by ultrasound testing using the direct and indirect methods, to determine the estimated strength and stiffness of concrete, enabling the monitoring and assessment of the integrity of structures after fire situations.



2. EXPERIMENTAL PROGRAM

2.1 Fine and coarse aggregate

The fine aggregate chosen was natural quartz sand extracted from the river. The characterisation of the fine aggregates was carried out in accordance with the recommendations of the ABNT - NBR standards for fine aggregates (NM 248, 2003; NM 52, 2009; NM 45, 2006; NM 46, 2003), and the results were as shown in Table 1. The coarse aggregate used is of granite origin, extracted from the state of São Paulo, characterised according to ABNT-NBR (NM 248, 2003; NM 53, 2002; NM 45, 2006), specific according to table (1), classifying the coarse aggregate as gravel 1.

Table 1. Results of the physical characterisation of fine and coarse aggregates.



	Aggregate
	Specific Mass
(kg/m3)
	Unit mass
(kg/m3
	Maximum diameter
(mm)
	Fineness modulus


	Sand
	2650
	1410
	2,4
	2,25


	Granite
	2690
	1500
	12,5
	5,80



2.2 Preparation of samples

The methodology used to test the concrete samples during the 28 day period, subjected to different temperatures, followed the same methodology according to the literature found in the works by Wendt (2006), Forigo (2017) and Hwang et al. (2018), to which they attribute credibility to the methodology proposed in the tests.

The mix used was (1:2.3:2.5) with cement consumption of 380 Kg/m³. During the preparation of the mixes, only the water/cement ratio was varied in the following proportions (0.5; 0.6 and 0.7) to obtain different compressive strengths of the concrete at 28 days. The average densities of the concrete produced with the different aggregates decreased as the water-cement factor increased, as expected (Table 2). Also as expected, there was an increase in slump (NM 67, 1998) as the water-cement factor increased (Table 2). Despite the variations, the values for all densities are within the limits considered normal for concrete, from 2000 kg.m-3 to 2800 kg.m-3, according to the Brazilian standard (ABNT-NBR 9778, 2015) and the literature (Silva, et al., 2020). The sample for each w/c ratio consisted of 48 cylindrical specimens (100 x 200 mm) made in accordance with ABNT-NBR 5738 (2003) and 16 prismatic specimens (200 x 200 x 400) mm, using CPII-F-32 cement, commonly used in construction. The experimental programme totalled 144 cylindrical and 48 prismatic specimens. By varying the sampling in relation to the water cement factor (w/c), it will be possible to check the performance of concrete subjected to room temperature and high temperatures (250°C, 550°C and 850°C). The specimens were demoulded 24 hours after concreting and submerged in water and lime for 28 days. After the curing period, the specimens were placed at room temperature, then at high temperatures.

Table 2. Slump values and average density of concrete samples.



	Ratio
(w/c)
	Slump
(mm)
	Average density
(kg.m-³)


	0,5
	70
	2295


	0,6
	110
	2231


	0,7
	200
	2145



2.3 High temperature tests

For each water/cement factor (0.5, 0.6 and 0.7), 12 cylindrical and 4 prismatic specimens were subjected to temperatures of specifically 25°C (room temperature), 250°C, 550°C and 850°C in an industrial electric muffle furnace (Figure 1a). The samples were weighed before and after being subjected to the high temperatures to assess mass loss. The test methodology took into account the recommendations of the RILEM standards for heating concrete, specifically RILEM TC 129-MHT (2004)

and RILEM TC 200-HTC (2007), which recommend a heating rate of up to 4°C/min. The time taken to reach each temperature studied (250°C, 550°C and 850°C) was approximately (45 min.; 1:30 min. and 2:15 min.). After reaching the desired temperature, the samples were kept in the oven for a further 60 min. so that the temperature was homogenised inside the piece. The cooling of the specimens after the temperature homogenisation process was carried out in two ways in two batches. For batch 1, half of the cylindrical and prismatic samples were subjected to slow cooling, exposed to room temperature for around 3 to 4 hours, after which 200 ml of water was sprayed onto the samples (Figure 1b). After exposure to a certain constant temperature, the other half of the samples considered to be batch 2 were cooled abruptly and placed in a container of water at room temperature for 60 minutes, after which they were removed and exposed to room temperature and humidity (Figure 1c).



Figure 1. (a) concrete samples in a muffle furnace, (b) slow cooling with pulverised concrete, (c) sudden cooling in a container of water. Authors (2023).

2.3 Non-destructive ultrasound testing

After slow and abrupt cooling, the cylindrical and prismatic samples were subjected to the wave propagation test using ultrasound equipment (Pundit model), with the aid of longitudinal transducers with flat faces and a frequency of 54 KHz. Before carrying out the tests, the equipment was calibrated using an acrylic material with a known speed. The cylindrical samples were tested using the direct method (Figure 2), where from the ultrasound tests it was possible to obtain the wave propagation times (t) and thus calculate, for each distance between transducers (L), the propagation speed of the ultrasound waves (V), using the equation proposed by ABNT-NBR 8802 (2013), according to equation (1).



	V = L T
	(1)




Where: V = wave propagation speed (m.s-1); L= length of the specimen (m), T = time (s).



Figure 2. Direct test carried out on concrete cylinder specimens.

The indirect wave propagation method was used for the prismatic samples (Figure 3a), using the calculation proposed by the ABNT-NBR 8802 (2019) standard as a methodology, according to equation (2). The Brazilian standard proposes a way of calculating the speed of ultrasonic propagation by the indirect transmission mode, whose procedure consists of calculating the speed using a graph of propagation time versus distance between transducers (Figure 3b). The indirect speeds were obtained from the averages on three measurement lines (top, middle and bottom of the prismatic sample).



	V=tg Ɵ
	(2)






Figure 3. (a) Indirect test carried out on prismatic samples. (b) Determination of the speed of propagation by the indirect method. Source: ABNT-NBR 8802 (2019).

2.3 Destructive testing

After the ultrasound test, the cylindrical samples were subjected to the compressive strength test (fc) carried out on a hydraulic machine, calculated in accordance with the standard (ABNT-NBR 5739, 2018) according to equation (3). The specimens were instrumented with strain gauges with a resolution of 0.01 mm to determine the modulus of elasticity (Eci) calculated in accordance with the Brazilian standard (ABNT-NBR 8522, 2017) according to equation (4).



	fc=4.Fπ. D²
	(3)






	Eci=σb-0,5εb-εa
	(4)




Where: fc = compressive strength of the specimen (MPa); F = maximum force achieved (N); D = diameter of the specimen (mm); L= length of the specimen (mm); Eci = modulus of elasticity; σb = stress (MPa) obtained at 30 per cent of the compressive strength; 0.5 = value of the initial reference stress (MPa); εb and εa = specific deformations of the concrete corresponding to the stress of 30 per cent of the compressive strength and under the initial reference stress.

2.3 Physical tests

After the cylindrical and prismatic samples were subjected to the different temperature levels and types of cooling (slow and abrupt), the mass loss (Pm) for each type of sample was checked according to equation (5) by weighing them on a precision balance with a resolution of 0.1 g.



	Pm=m-mtempm
	(5)




Where: Pm = Loss of mass (%); m = mass of the sample at room temperature (kg); (%); mtemp = mass of the sample subjected to a certain temperature (kg).



3. RESULTS AND DISCUSSIONS

Using statistical software, it was possible to analyse the frequency distribution of the parameters obtained from the ultrasound test (direct and indirect propagation speed) and from the simple compression test with deformation measurements (strength and modulus of elasticity). The aim of the statistical analysis was to analyse the normality of the parameters obtained in the destructive and non-destructive tests for the different w/c ratios, allowing them to be used to apply statistical correlations. Normality was assessed by the limits of asymmetry and kurtosis, between -2 and + 2. The results obtained in the compression tests, modulus of elasticity, wave propagation velocity obtained by the direct and indirect methods on the samples were statistically evaluated by analysis of variance (ANOVA). The statistical analyses were carried out by comparing means in order to verify the existence of a difference between the values of the parameters obtained, with emphasis on the variables of temperature increase, resistance class and cooling method, considering a 95% confidence level. The direct velocity (VD) and indirect velocity (VI) values for the different temperature levels (T) were then correlated with the parameters obtained by the destructive compression method (fc) and (Eci).

3.1 Effect of temperature on the resistance, rigidity and propagation of ultrasound waves

The variation in the properties of concrete exposed to high temperatures depends on many factors, such as constituent materials, initial strength, age, water-cement factor and type of cooling. These factors make it difficult to develop an accurate model for predicting mechanical and elastic parameters. However, when concrete is exposed to temperature increases of 550ºC and 850ºC, there is a significant reduction in compressive strength regardless of the variation in water-cement factor and cooling type. The modulus of elasticity shows the same downward trend as the compressive strength, but regardless of the type of cooling and water-cement factor, the decrease in stiffness is less abrupt than the strength, especially in relation to the temperature at 550ºC and 850ºC. The results show that losses in concrete compressive strength occur gradually, but there is a general tendency for the strength to decrease in relation to room temperature (50%) for the 550ºC temperature, and for samples subjected to the 850ºC temperature (88 to 91%). Slow cooling made a better contribution to the strength parameters (fc), with higher values of around 10 to 15 per cent for the 250˚C and 550˚C temperatures, and 23 per cent for the 850˚C temperature, compared to sudden cooling. With regard to stiffness (Eci), the slowly cooled samples showed an increase of around 12% for all temperatures compared to the sudden cooling. Studies carried out by Moreno and Souza (2010) also evaluated the type of cooling in concrete specimens, and the results also indicated a greater loss of strength (fc) and stiffness (Eci) for abruptly cooled concrete samples. According to Yuzer et al. (2004), the decrease in mechanical and elastic parameters after sudden cooling is related to the increase in volume due to the rehydration of calcium oxide (Cao), generating cracks, increased porosity and disintegration of the concrete.

The reduction in compressive strength, modulus of elasticity and wave propagation speed found in figures (4 to 7) is attributed to damage caused by chips during heating. According to Kirchhof et al. (2015) this behaviour is due to the rapid increase in temperature causing significant changes in the porosity and permeability of the concrete due to the release of water, dehydration of the calcium silicate hydrate (C-S-H) and probably the formation of macro- and micro-cracks.



Figure 4. Average values (a) slow cooling, (b) sudden cooling. For samples tested for compressive strength and direct velocity in cylindrical samples, after different temperature steps. Authors (2023).



Figure 5. Average values (a) slow cooling, (b) sudden cooling. For cylindrical specimens tested for compressive strength and indirect velocity in prismatic specimens, after different temperature steps. Authors (2023).



Figure 6. Average values (a) slow cooling, (b) sudden cooling. For cylindrical specimens tested by modulus of elasticity and direct velocity in cylindrical specimens, after different temperature steps. Authors (2023).



Figure 7. Average values (a) slow cooling, (b) sudden cooling. For cylindrical specimens tested by modulus of elasticity and indirect velocity on prismatic specimens, after different temperature steps. Authors (2023).

The increase in porosity caused by the dehydration of hydrated calcium silicate (C-S-H) can be represented by the results of mass loss and direct and indirect wave propagation velocity (Figures 8 and 9), since any imperfections in the concrete, such as cracks or voids, contribute to the increase in wave propagation time through the length of the specimen, resulting in lower ultrasonic pulse velocities. Mass loss occurs significantly in samples with a water-cement factor (0.5 and 0.6) at temperatures of 550˚C and 850˚C, and from 250˚C onwards with a water-cement factor (0.7). According to Kirchhof et al. (2015) and Viana (2017) for temperatures above 400 ˚C, the increase in free water in the pores of the concrete leads to the phenomenon of explosive spalling and greater loss of mass.



Figure 8. Average values (a) slow cooling, (b) sudden cooling. For samples tested by direct speed and mass loss in cylindrical samples, after different temperature steps. Authors (2023).



Figure 9. Average values (a) slow cooling, (b) sudden cooling. For samples tested by indirect speed and mass loss in prismatic samples, after different temperature levels. Source: Authors (2023).

The direct and indirect velocities for the samples with water-cement factors (0.5 and 0.6) did not show large reductions for the 250˚C ambient temperature, with a variation of (8 to 12%) for slow cooling and (13 to 19%) for sudden cooling. From the temperatures of 550˚C and 850˚C, it is possible to see a marked reduction in the speed of wave propagation for both types of cooling. However, the direct and indirect velocity variations were higher from 250˚C onwards for the water-cement factor (0.7), due to greater evaporation of water inside the concrete, resulting in greater loss of mass, regardless of the type of cooling. The values found among the indirect velocities were (30 to 37%), for the different water-cement factors and temperature levels.

According to Silva (2020), the ultrasonic velocities obtained from indirect measurements are lower than the velocity obtained from direct measurements, due to the measurement being carried out close to the surface of the concrete, which generally has a different composition to the internal concrete.

Although slow cooling contributed to the strength (fc) and stiffness (Eci), this did not affect the speed of wave propagation in both methods (direct and indirect). Despite the low rate of change, the speeds were higher in the range of 5 to 16% for the different temperature levels in concrete samples subjected to sudden cooling. According to Zhang, et al. (2009) one of the biggest factors affecting ultrasonic velocity is the presence of moisture, so abruptly cooled concrete samples absorb more water, reducing the porosity caused during water evaporation, contributing to increased wave propagation.

3.1 Statistical analysis of non-destructive and destructive tests

The parameters obtained in the non-destructive ultrasound tests, direct velocity (VD) and indirect velocity (VI), and in the destructive static compression tests, such as compressive strength (fc) and modulus of elasticity (Eci), for concretes produced with different water-cement factors and temperatures, showed a frequency distribution compatible with normal, verified by the asymmetry and kurtosis within the range -2.0 and +2.0, as shown in table (3).

Table 3. Minimum, maximum and average values, asymmetry and kurtosis for the direct (VD) and indirect (VI) velocity of ultrasound wave propagation, strength (fc) and initial modulus of elasticity (Eci) obtained in compression tests, for the traces produced with different water-cement ratios and temperature levels.



	w/c ratio
	Parameter
	Minimum
	Maximum
	Medium
	Asymmetry and Kurtosis


	0,5
	fc (MPa)
Eci (GPa)
VD (m.s-1)
VI (m.s-1)
	4,4
10,8
524
316
	35,8
30,6
4273
2927
	20
21
2399
1622
	-0,20 e -0,81
-0,11 e -1,2
-0,54 e -0,93
-0,77 e 0,20


	0,6
	fc (MPa)
Eci (GPa)
VD (m.s-1)
VI (m.s-1)
	2,8
4,7
436
309
	31,5
29,2
3815
2566
	17
17
2126
1438
	-0,04 e -0,92
-0,38 e -0,91
-0,82 e -0,56
-0,74 e -0,47


	0,7
	fc (MPa)
Eci (GPa)
VD (m.s-1)
VI (m.s-1)
	1,9
3,6
311
207
	17,6
18,5
3798
2282
	10
11
2055
1245
	0,34 e – 0,52
-0,01 e -0,75
0,01 e -0,23
-0,27 e -0,98



The speeds obtained are compatible with the results of scientific studies that subjected concrete to the same temperature levels (Yang et al., 2009; Ozawa et al., 2014, Güneyli et al., 2017; Hwang et al., 2018), demonstrating that the methodology applied (temperature levels-ultrasound test-destructive test) was properly applied. Some authors (Wendt, 2006; Forigo, 2017; Hwang et al., 2018) propose using the propagation speed of ultrasound waves obtained in the direct test to infer the quality, strength and stiffness of concrete subjected to different temperature levels. However, these same authors do not consider that post-fire structures do not always have access to the ends of the piece, and that the indirect method is ideal for assessing structures. Therefore, a scientific contribution of this research is the creation of models for determining strength and stiffness, with ultrasound velocity obtained by the direct and indirect method associated with knowledge of the temperature in the structure.

Turgut and Kucuk (2006) and Savaliya et al. (2014) concluded that the indirect method is the most accurate for detecting pathologies, demonstrating that the direct test has greater sensitivity for detecting defects, but does not enable them to be located, while the indirect test allows the defect to be better located after it has been detected. Through frequency distribution analysis (Table 4), it was possible to obtain multiple regression models between wave propagation speed and temperature (Tables 4 and 5), contributing to the literature with the models proposed by Eurocode 2 (2004) and ABNT - NBR 15200 (2012), in inferring the strength (fc) and stiffness (Eci) of concrete subjected to high temperatures and types of cooling.

Table 4. Correlation between destructive tests combined with wave propagation speed and temperature, for slow cooling.



	a/c factor
	Parameter
	Model
	P-Value
	R²
(%)
	Estimation error


	0,5
	fc
	fc = 54,20 - 0,0038.VD - 0,055.T
	0,000
	99,66
	0,70


	fc = 30,24 + 0,0022.VI - 0,030.T
	0,000
	99,64
	0,72


	Eci
	Eci = 14,40 + 0,0037.VD - 0,0062.T
	0,000
	96,59
	1,49


	Eci = 16,05 + 0,0050.VI - 0,0077.T
	0,000
	95,79
	1,66


	0,6
	fc
	fc = 35,98 - 0,00080.VD - 0,037.T
	0,000
	99,56
	0,75


	fc = 35,57 - 0,0011.VI - 0,037.T
	0,000
	99,58
	0,74


	Eci
	Eci = 22,03 + 0,0023.VD - 0,020.T
	0,000
	97,39
	1,60


	Eci = 25,04 + 0,0025.VI - 0,023.T
	0,000
	98,67
	1,23


	0,7
	fc
	fc = 7,41 + 0,0027.VD - 0,0060.T
	0,000
	95,52
	1,22


	fc = 33,52 - 0,0071.VI - 0,034.T
	0,000
	98,15
	0,78


	Eci
	Eci = 19,13 - 0,000096.VD - 0,017.T
	0,000
	96,87
	1,02


	Eci = 20,74 - 0,00086.VI - 0,019.T
	0,000
	96,92
	1,01



Table 5. Correlation between destructive tests combined with wave propagation speed and temperature, for quenching.



	a/c factor
	Parameter
	Model
	P-Value
	R²
(%)
	Estimation error


	0,5
	fc
	fc = 51,45 - 0,0032.VD - 0,052.T
	0,000
	99,13
	1,10


	fc = 61,51 - 0,0084.VI - 0,063.T
	0,000
	99,05
	1,22


	Eci
	fc = 24,42 + 0,0013.VD - 0,0182.T
	0,000
	97,48
	1,29


	fc = 12,31 + 0,0060.VI - 0,0053.T
	0,000
	97,72
	1,23


	0,6
	fc
	fc = 36,61 - 0,0015.VD - 0,038.T
	0,000
	98,90
	1,14


	fc = 34,72 - 0,0018.VI - 0,036.T
	0,000
	98,93
	1,15


	Eci
	Eci = 33,74 - 0,00067.VD - 0,033.T
	0,000
	99,26
	0,89


	Eci = 33,0939 - 0,00087.VI - 0,033.T
	0,000
	99,27
	0,88


	0,7
	fc
	fc = -7,56 + 0,0077.VD + 0,0087.T
	0,000
	90,50
	2,01


	fc = 61,87 - 0,020.VI - 0,066.T
	0,000
	95,21
	1,42


	Eci
	Eci = 18,88 - 0,00090.VD - 0,017.T
	0,000
	97,09
	0,83


	Eci = 18,82 - 0,0012.VI - 0,017.T
	0,000
	97,07
	0,84



All the regression models were statistically significant at a significance level of 95% (P-value &lt; 0.05) - Tables (6) and (7), with correlation coefficients higher than 95% for slow cooling and 90% for abrupt type, indicating that both models can be used to infer the strength and stiffness of concrete, for different temperatures when they present a maximum peak of 850˚C.

The values of the correlation coefficients (R²) obtained fall within the variation ranges of the quantities involved in the models proposed by researchers such as Wendt (2006), Forigo, (2017) and Hwang et al. (2018), using similar characteristics and methodology of the samples under study such as the size of the coarse aggregates, cylindrical specimens and variations in the w/c ratio. Although the expressions are not the same, there are no discrepancies in behavior based on the R2 values found in the multiple regression models compared to the simple regression models found in the literature. Thus, the multiple regression models used to infer (fc) and (Eci), with the quantities measured in the ultrasonic wave propagation tests (VD and VI) for different levels and temperature (T), for concretes with compressive strengths between 2 and 35 MPa.



4. CONCLUSIONS

Through the tests carried out to analyze the relationship between wave propagation with concrete compressive strength and modulus of elasticity for concretes made with different water/cement ratios (0.5, 0.6 and 0.7) subjected to different temperature levels (ambient, 250°C, 550°C and 850°C), it was possible to conclude that:

For samples with a water-cement factor (0.7) the changes in the physical (Pm), mechanical (fc), stiffness (Eci) and acoustic (VD and VI) parameters occur for temperatures above 250°C, and for the water-cement factor (0.5 and 0.6) above 550°C.

The loss of mass of cylindrical and prismatic samples is greater for samples subjected to a temperature of 850°C, due to the total evaporation of interstitial water from the concrete, and greater spalling.

Slow cooling has a greater influence on mechanical parameters (fc) and stiffness (Eci), while sudden cooling contributes to an increase in acoustic parameters (VD and VI), due to the absorption of water in the concrete samples at temperatures (250°C, 550°C and 850°C), reducing voids and contributing to wave propagation.

Through the wave propagation speed obtained by direct and indirect methods, it is possible to detect the presence of pathologies for concrete exposed to temperatures above 250°C.

The multiple regression models, without distinguishing the water-cement ratio, were statistically significant (P-value &lt; 0.05) at a 95% confidence level, with coefficients of determination (R²) greater than 90%, allowing the prediction of strength (fc) and stiffness (Eci), through the speed of direct and indirect wave propagation associated with temperature, to monitor and assess the integrity of structures after fire situations.

The ultrasound test is a preliminary assessment tool for detecting pathologies in structures, as well as their structural resistance, which should be followed by complementary tests using destructive methods to validate its diagnosis.

The results presented are indicative of the behavior of the concrete material on a laboratory scale, but cannot be extrapolated in a simple and direct way to the behavior of real reinforced concrete structures in a fire situation, which may show completely different behavior from that obtained in the laboratory during a fire.
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