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Abstract

:

The purpose of this paper is to establish some correlations between the main technical parameter with regard to the cement-based materials technology, the 28-day compressive strength, and ultrasonic pulse velocity of standard mortar samples cured at three different conditions—(i) under water at 22 °C; (ii) climatic chamber at 95% RH and 22 °C; (iii) lab ambient, 50% RH, and 22 °C—and after five curing periods of 1, 2, 7, 14, and 28 days. Good correlations for each curing conditions were obtained. All the positive linear relationships showed better R2 than exponential ones. These findings may promote the use of ultrasonic pulse velocity for the estimation of the 28-day compressive strength of standard Portland cement samples within the factory internal quality control.
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1. Introduction


Cement-based materials have been used for different structural and non-structural purposes in building and civil work applications for ages [1]. Particularly, the concrete sector uses Portland cements as the main component and the applications of different types of Portland cements are tightly dependent on their chemical and physical characteristics [2]. Also, it is well-known that cement-based materials, after hydration, develop complex microstructural changes leading to a peculiar capillary pore network and transport properties for each curing condition [3]. Given that an important durability and mechanical indicator for cement-based materials is the capillary pore network, where ultrasonic non-destructive techniques might be used to characterize these materials. Ultrasonic pulse velocity (UPV) is a non-destructive test method (NDT) that may be easily applied in both laboratory and field conditions. It is increasingly being used to estimate some microstructural [4,5,6,7,8] and mechanical [9,10] properties of cement-based materials. Non-destructive testing using ultrasound (NDT-UPV) has been also used in monitoring of setting and strength development of ultra-high-performance concrete [11], monitoring of mortar and concrete hardening [12,13], and detection of rebars in concrete [14,15].



In addition, NDT-UPV has been successfully used investigating the corrosion of mortar and concrete reinforcement [16,17], and in the study of durability of these construction materials [18,19,20,21,22,23,24]. For instance, non-destructive ultrasonic test methods have been used to monitor microcracking in concrete [24,25]. Ouarabi et al. used ultrasonic measurements in self-healing systems to study the kinetics of the recovery thanks to the healing agent performance [21]. They validated the capacity of the ultrasonic techniques to assess microstructural changes in concretes.



In general, the sensitivity in the case of little cracking damage remains poor, and then, the results cannot provide a quantitative measure of the damage [26,27]. Porosity of construction materials has been reported previously [28] and Hernández et al. [7,8] utilized UPV test to determine the porosity of cement mortars. Lafhaj et al. [4] found some correlations between permeability, porosity and UPV of cement mortars.



Some parameters have a significant influence on the ultrasonic pulse velocity (UPV) results in cement-based materials. In general, the denser material, the faster ultrasonic pulse velocity (UPV). Therefore, all the factors that accelerate the Portland cement hydration such as C3A content, curing temperature and cement fineness, among others, will enhance the increase of the ultrasonic pulse velocity (UPV) [29,30]. In addition, Mohammed and Mahmood [31] stated that ultrasonic pulse velocity (UPV) through cement-based materials is not only affected by the nature of the aggregate, but also by the maximum aggregate size, cement–paste–aggregate interfaces, among other aggregate characteristics [32,33]. Segura el al. [34] did not find any direct effect on the ultrasonic pulse velocity using cements with different amounts fly ash (cements type: CEM I and CEM II/A-V, CEM II/B-M (V, L), and CEM IV/B (V)). Also, Trtnik et al. [35] did not found any significant effect of the cement type on the ultrasonic pulse velocity–strength relationship. This conclusion was extracted by using only cements without any addition; therefore, they could not find clear differences.



Most of the empirical relationships between both parameters followed an experimental model shown in Equation (1),


R = a × e b × V



(1)




where a and b are experimental parameters obtained by the least squares methods, V is the ultrasonic pulse velocity, and R the 28-day compressive strength of the concrete.



Trtnik et al. [35] collected some attempts to employ ultrasonic pulse velocity (V) as an indirect measure of the 28-day compressive strength of concretes (R). They attributed the low determination coefficient to the fact of disregarding the composition of the concrete in the studies. Also, they proposed a numerical model based on the artificial neuronal network approach [36]. Nevertheless, linear relationships also have been proposed with good correlations [37,38].



Many studies in the literature point out that ultrasonic pulse velocity testing has a large range of applications to assess different properties of cement-based materials. Although very limited studies on the use of this technique to assess the effect of the curing conditions on the 28-day compressive strength of cement-based materials have been reported in the literature [29,30], assessing 28-day compressive strength of Portland cement mortars by using ultrasonic pulse velocity (UPV) has not been previously studied.



The curing conditions of the mortar specimens play a dominant role in both the hydration of the cement paste and the compressive strength increase with time of the samples [3,39]. However, there is limited literature on the effect of curing conditions on UPV through mortar made with different cement types. In addition, the UPV and the 28-day compressive strength are correlated in function of the three curing conditions. A parametric approach has been adopted in this work, and then several equations were obtained. Finally, they are used to estimate the 28-day compressive strength of standard mortar specimens. Furthermore, the indirect 28-day compressive strength in the mortar specimens is measured by means of using ultrasonic testing.



The scope of this paper is providing a thorough non-destructive ultrasonic characterization of a set of standardized Portland cement mortar samples, to relate their microstructural changes to the progression and extent of the hydration process and 28-day compressive strength gain in three different curing conditions. Four cement types according to the European standard EN 197-1:2011 [40] were used to make the standardized Portland mortar samples.




2. Materials and Methods


2.1. Materials


The studies were carried out in standardized mortars by utilizing four Portland cement types and three different curing conditions. Then, this investigation was performed in standardized mortars made with four commercial cements, with and without fly ash, according to EN 197-1 [41]. Two of them do not have any addition—cements CEM I 52.5 R and CEM I 42.5 R—and the other two were Portland-composite cements with variable contents of siliceous coal fly ash (CFA), namely, CEM II/B-V 32.5 R and CEM II/A-V 42.5 R. All of them were provide by La Robla cement Plant in León, Spain. Fly ash in these cements is produced by La Robla- Naturgy (619 MW) coal-fired power plant. The CFA content is 30% for the first one and 17% for the second one. Their chemical composition is given in Table 1.



Mortar prismatic bars (40 mm × 40 mm × 160 mm) were made following the European standard EN 196-1:2016 [43]. Then, the water/cement and cement/sand ratios were 1/2 and 1/3, respectively. Subsequently, after 24 h, the mortar samples were demolded from the casts. Later, they were cured.




2.2. Curing Conditions


Three different conditions were selected to perform the curing of the mortars to assess their influence on the results:




	(i)

	
kept under a saturated limewater solution for twenty-eight days at a temperature of 22 ± 1 °C to establish a reference condition,




	(ii)

	
under lab conditions for twenty-eight days at 22 ± 2 °C and 50% RH, and




	(iii)

	
some mortar samples were kept in a climatic chamber during twenty-eight days at 22 ± 1 °C and 95% RH.










2.3. Mechanical Testing


Compressive strength and flexural strength of the mortar prims were determined at twenty-eight days. Further details on the compressive strength technique are given in [43].




2.4. Non-Destructive Ultrasonic Pulse Velocity


Non-destructive analyses were developed by means of the ultrasonic pulse velocity (UPV) of the Portland cement samples using direct transmission measurements performed by the contact method [44,45]. Ultrasonic pulse velocity (UPV) measurements were carried out by using a commercial portable ultrasonic non-destructive testing instrument (Controls 58-E4800 Ultrasonic pulse velocity tester with a pulse rate of 5 pulses per second, resolution of 0.1 microseconds, and transmitter output of 1200 V). The apparatus is a digital tester with the following main parts; an electrical pulse generator, an amplifier, and a timing circuit, which was connected to a pair of transducers (150 kHz) to measure the time interval elapsing between the onset of a pulse and its arrival at the receiving transducer.



To achieve the UPV measurements the following steps were taken.




	(i)

	
Transmitting and receiving transducers were positioned at opposite ends of each mortar cement specimen (Figure 1). Then, this instrument generates low-frequency ultrasonic pulses.




	(ii)

	
Measurements of the travelling time of the signal through the specimen of pulses between both transducers were done.




	(iii)

	
The longitudinal ultrasonic velocities of the samples, V, were determined using Equation (2) from the distance between the two transducers (path length) and the measured transit time of the pulse.









The path length is the shortest distance between the transducers (160 ± 1 mm). A standardized probe was utilized for all the UPV measurements to obtain the pulse velocity in a precise manner (Reference transit time: 58.1 μs).


V (km/s) = Path length/Transit time



(2)




where V is the pulse velocity, in km/s, the transit time is the period of time taken by the pulse to transverse the length, in μs, and the path length is taken in mm.



Frequency pulses as high as 150 kHz have a well-defined onset, but they become attenuated as they pass through the mortar. Consequently, the use of high frequency transducers (150 kHz) for a short path length of 160 mm has been considered adequate.





3. Results and Discussion


3.1. Characterization of the Portland Mortar Samples


Table 2 lists the mechanical characteristics of the cements used in this work. Mean values and standard deviation of flexural strength determined in three mortar specimens and compressive strength tested in six samples are presented. As expected, CEM I showed higher compressive and flexural strengths at both two and 28 days. Also, the higher the amount of coal fly ash, the lower two and 28 days compressive and flexural strengths [46]. It is well-known that, on the one hand, cements without additions (CEM I) perform the hydration reaction [2], but on the other hand, coal fly ash blended cements (CEM II/A-V and CEM II/B-V) besides promoting development of the hydration reaction, undertake the pozzolanic reaction which starts a little bit later and slower than the hydration one [2,46]. In addition, the fineness of the Portland cements plays a key role in the mechanical strength gain at early ages [47].




3.2. Ultrasonic Characterization


Ultrasonic characterization was performed by measuring the samples ultrasonic velocity after curing periods of 1, 2, 7 14, and 28 days. Direct transmission measurements by the contact method were carried out using commercial equipment. Figure 2 shows the effect of the curing conditions on the average ultrasonic velocity. The three curing conditions have a greater influence on the ultrasonic velocity response than other design parameters, for instance, type of cement. As expected, the best curing conditions are those performed under water (solid line). This type of curing helps to the development of the hydration reactions leading to a denser material [1] with a reduced capillary pore network [3]. By contrast, laboratory environmental conditions are found (50% RH, 22°C), which are represented by dots in Figure 2.



The lack of enough humidity promotes the development of a porous cementitious material with a lower 28-day compressive strength and at the end of the day a lower durability [3]. Thus, it should be noticed that the average ultrasonic velocity falls down. As expected, just in the middle, the results of the mortar samples stored in a climatic chamber at 95% are found (intermittent lines).



Trtnik et al. [35] found no evidence to support a significant effect of the cement type on the UPV–compressive strength relationship. This finding can be easily explained because they only used cements CEM I without any addition. Furthermore, Segura el al. [34] did not find any clear influence on the use of cements with or without coal siliceous fly ash, cements type CEM I and CEM II/A-V, respectively. On the contrary, in this paper, we have found that the type of cement influences strongly the pulse velocity. Furthermore, it is well-known that the amount of coal fly ash in Portland cements delay the compressive strength gain [46] as result of the pozzolanic reaction between the Ca(OH)2 generated in the hydration process of the compounds of the clinker and the reactive SiO2 of the coal ashes. Consequently, different UPV–28-day compressive strength relationships for each cement type were expected. This is illustrated in Figure 2. Only when the cement-based material is well-cured, i.e., underwater, the differences in UPV are negligible in agreement with other authors [34,35]. This performance could be justified due to the different coal fly ash amount of each cement type (0% for CEM I, 17% for CEM II/A-V, and 30% for CEM II/B-V). Such amount of coal fly ash has a direct effect on the pozzolanic reaction which begins after the Portland clinker compounds hydration has started.




3.3. Effect of the Curing Conditions on the Average Ultrasonic Velocity


Lowering of the ultrasonic velocity was studied to compare the changes in the ultrasonic velocity by the three different curing conditions (see Figure 2). The effect of the curing conditions on the UPV at 28 days is shown in Table 3. By means of the ultrasonic techniques is possible to correlate mechanical properties of cement-based materials with ultrasonic ones [9,32,33,34,35,36,37,38], and therefore it might be possible to assess the 28-day compressive strength reduction when a proper curing (wet conditions) has not been provided. Given that, the effect of the less proper curing is a drop in UPV of 7–9% (at 95% RH) or 11–22% (at 50% RH) with relation to the water-cured mortars taken as reference (Table 3). Due to the obvious advantages of non-destructive testing, UPV could be used for quality assessment of cement production, thus it is necessary to establish a relation between 28-day compressive strength and ultrasonic velocity for each cement type.



When the mortar samples are cured under water, there is no great effect of the cement type on the average ultrasonic velocity of the mortar samples when the amount of coal fly ash is lesser than 18% (see Figure 2), in agreement with other authors [34,35], because the relative modifications that can be shown among each type of cement are no larger than 1%. However, when a poorer curing condition is applied, such differences increase up to 7–9% for the climatic room (95% RH) curing and 11–22% for 50% RH. Therefore, it can be established that there is a strong influence of the cement type on the average ultrasonic velocity of the mortar specimens cured in non-proper curing conditions. It is well-known the influence of the curing regime in the microstructural development of the mortars. Particularly, hydration and microstructural development of cement-based materials made with coal fly ash [2] and ground granulated blast-furnace slag [3] are apparently hardly influenced by the curing conditions.



As seen in the UPV changes (see Figure 2), an arrangement of the relative ultrasonic slow down according to the curing conditions and cement type can be noticed. Also, as far as the relative humidity of the curing regime decreases, the differences between the cement types are larger. Therefore, samples with higher coal fly ash contents exhibit lower UPV values. The more coal fly ash in the mortar, the lower ultrasonic velocity was monitored. Then, the order found from the higher to the lower UPV at 28-days is as follows.


CEM I 52.5 R > CEM I 42.5 R > CEM II/A-V 42.5 R > CEM II/B-V 32.5 R











In general, for all Portland cement types, the ultrasonic velocity decreases as the humidity level during the curing period decreases. This change could be attributed to the increase in the capillary porosity of the resulting mortar [2]. The connectivity of the capillary porosity in mortars impacts compressive strength and facilitates the ingress of external aggressive agents and thus mortar durability. Samples cured under water show an asymptotic behavior for short-term UPV. Otherwise, samples cured at low relative humidity (50% RH) show a discontinuous increase, particularly, when the coal fly ash amount increases.



There is a clear relationship between the microstructure of the mortars and their compactness. Given that, the denser the cement-based material is, the more durable and stronger will be. From Figure 2, it could be concluded that mortars with ultrasonic wave velocity over 3800 m/s present an excellent quality and those below 3200 m/s, exhibit a quite poor quality (see Table 4). The ranges given in Table 4 have been established considering the following criteria; (i) a good curing in Portland cement mortars provides a dense and compact microstructure (excellent mortar quality); (ii) a good curing in CFA mortars leads to good quality mortars; (iii) a bad curing in Portland cement mortars is the reason of a higher porosity (bad mortar quality); and (iv) a bad curing affects strongly to CFA mortars, therefore, it invariably comes to a very poor mortar quality.



With regard to the curing temperature, Xu et al. found that UPV increase with the increase of curing temperature in cemented tailings backfill [48]. They obtained a linear relationship between UPV and compressive strength. Jiang et al. suggested that UPV is less sensitive to the variation in the curing temperature than compressive strength. They also found a clear linear relationship between UPV and compressive strength at each curing temperature. Finally, they considered that the UPV method can be reliably used for predicting mortar‘s characteristics [49].




3.4. Correlation Between 28-Day compressive Strength and Average Ultrasonic Pulse Velocity


Characterization of 28-day compressive strength of Portland cement mortars is normally performed by destructive testing [1,2], but non-destructive methods as UPV were not extensively used. In this paper, correlation between 28-day compressive strength and average ultrasonic pulse velocity is performed taken into account that correlation is a statistical technique that provides how strongly pairs of variables are related.



A linear relationship is shown between the 28-day compressive strength and average ultrasonic pulse velocity in Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7. Thus, Equation (3) can be applied.


R = a + b × V



(3)




where a and b are experimental parameters obtained by the least squares method, V is the ultrasonic pulse velocity (UPV), and R is the 28-day compressive strength of mortar. The linear regression performed with each set of results (three curing conditions) allowed obtaining the equations shown in Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7 and Table 5. The model fits well the data and the statistical parameters obtained after the correlation (a and b parameters) and the analysis of the R2 (Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7) demonstrate that Equation (3) provide an excellent estimation of 28-day compressive strength of Portland cement mortars (Table 5). In addition, Table 6 shows the fitting parameters with regard to the correlation between the ultrasonic pulse velocity (UPV) and compressive strength of the mortar specimens at 28 days, for each cement type and curing condition by using Equation (1).



Also, the experimental results were fitted to Equation (2). In general, the correlation coefficients (R2 values) were worse than the ones obtained by using Equation (3). As R-squared is considered as a statistical measure of how close the data are to the fitted regression line, it is recommended to use the simple linear relationships to estimate the 28-day compressive strength from UPV results. In view of this new finding, it is proposed the use of UPV for quality control for cement production.



Several researches conducted by other authors largely agree with these findings that, altogether, highlight the validity of the linear relationship between UPV and mechanical strength [48,49,50]. As cement cures, it changes from a liquid state to a solid state; consequently, the acoustic waves show a faster travel response. Then, UPV can be used for monitoring cement-based materials at early age [51] and self-healing quantification [52].



Summing up, it can be established that UPV is a convenient technique to assess the compressive strength of mortars as well as other cement-based materials.




3.5. Modeling Assessment


The comparison between the values of 28-day compressive strength calculated by Equation (3) and the actual values can be seen in Figure 8. It is evident that there is a good agreement on experimental and theoretical results. Many factors that influence mortar 28-day compressive strength (type and amount of the cement, water/cement ratio, aggregate characteristics, curing conditions, and so on) also influence the ultrasonic pulse velocity, though this does not necessarily mean in the same extent or in the same way. Therefore, these linear relationships should be obtained for each Portland cement mortar family. Mention should also be made of the low number of the tested cements. Therefore, data adjustment of four points could be improved in future works.





4. Conclusions


The results of a thorough mechanical and ultrasonic study of a set of Portland cement mortars were presented. The controlling factor with regard to the ultrasonic pulse velocity (UPV) of the mortar samples evolution with time is the curing regime, which affects the microstructural development. Curing conditions have a stronger effect on the 28-day compressive strength and UPV results than cement type. Given that, the higher the relative humidity in the curing, the denser the mortar microstructure and the faster the UPV. The changes in the UPV, with regard to both the curing RH and the type of cement, exhibited that when the RH increases, samples with coal fly ash content exhibit higher UPV.



Linear relationship approach has been used successfully to estimate 28-day compressive Portland cement mortar strength by measurement of the UPV. Also, exponential regression was performed to examine the exponential relationship between the 28-day compressive strength and UPV but lower correlation coefficients (R2 values) were registered. Thus, it is suggested to use the linear relationships to estimate the 28-day compressive strength from UPV results. There is a good correlation between 28-day compressive strength and ultrasonic pulse velocity of Portland cement mortars when the curing conditions are not good (R2 = 0.97–0.99). On the contrary, the weaker uphill linear relationship in good curing conditions (R2 = 0.85–0.98) is indicative of the higher heterogeneity of these mortar samples. These findings may promote the use of ultrasonic pulse velocity for the estimation of the 28-day compressive strength of standard Portland cement samples within the factory internal quality control shown in EN 197-2.
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Figure 1. Transducer arrangement: Transmitting (T) and receiving (R) transducers positioned at opposite ends of each standard probe or mortar specimen. 
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Figure 2. Effect of the curing conditions on the average ultrasonic velocity (solid line: underwater; intermittent lines: climatic chamber at 95% RH and 22 °C; dots: lab ambient at 50% RH and 22 °C). 
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Figure 3. Linear relations between UPV values measured at 1 day and 28-day compressive strength of Portland mortar specimens cured under water. 
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Figure 4. Linear relations between UPV values measured at 2 days and 28-day compressive strength of Portland mortar specimens cured under water. 
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Figure 5. Linear relations between UPV values measured at 7 days and 28-day compressive strength of Portland mortar specimens cured under water. 
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Figure 6. Linear relations between UPV values measured at 14 days and 28-day compressive strength of Portland mortar specimens cured under water. 
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Figure 7. Linear relations between UPV values measured at 28 days and 28-day compressive strength of Portland mortar specimens cured under water. 
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Figure 8. Comparison between 28-day compressive strength calculated by Equation (3) and the actual values. 
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Table 1. Chemical composition of the four cements considered in the present research work.






Table 1. Chemical composition of the four cements considered in the present research work.





	Cement Type
	CaO
	SiO2
	Fe2O3
	Al2O3
	MgO
	SO3
	Na2O
	K2O
	Ti2O5
	P2O5
	LOI
	IR1
	Cl−





	CEM I 52.5 R
	62.7
	20.9
	3.5
	4.3
	1.9
	3.4
	0.30
	0.90
	0.25
	0.10
	3.7
	1.04
	0.02



	CEM I 42.5 R
	59.9
	22.2
	3.9
	5.3
	1.9
	3.3
	0.32
	1.02
	0.24
	0.10
	2.2
	0.90
	0.03



	CEM II/A-V 42.5 R
	51.8
	24.9
	4.6
	7.8
	1.8
	2.8
	0.35
	1.27
	0.20
	0.08
	-
	-
	0.03



	CEM II/B-V 32.5 R
	43.8
	28.0
	5.5
	10.4
	1.8
	2.4
	0.38
	1.56
	0.17
	0.07
	-
	-
	0.02







1 Insoluble residue measured using the Na2CO3 method [42].
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Table 2. Mechanical characteristics of the cements used in this work (N/mm2).
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Cement Type

	
2 Days

	
28 Days




	
FS

	
SD

	
CS

	
SD

	
FS

	
SD

	
CS

	
SD






	
CEM I 52.5 R

	
9.5 ± 0.3

	
0.3

	
49.1 ± 1.2

	
1.5

	
10.3 ± 0.6

	
0.5

	
67.5 ± 1.5

	
1.8




	
CEM I 42.5 R

	
6.9 ± 0.4

	
0.3

	
35.4 ± 0.8

	
0.9

	
9.9 ± 0.4

	
0.3

	
57.6 ± 1.1

	
1.3




	
CEM II/A-V 42.5 R

	
6.7 ± 0.6

	
0.5

	
32.1 ± 0.2

	
0.2

	
9.5 ± 0.8

	
0.7

	
55.4 ± 1.9

	
2.4




	
CEM II/B-V 32.5 R

	
4.1 ± 0.2

	
0.1

	
18.1 ± 0.3

	
0.4

	
8.4 ± 0.3

	
0.3

	
39.5 ± 0.6

	
0.8








Abbreviations: FS = Flexural strength; CS = Compressive strength; SD = Standard deviation.
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Table 3. Average ultrasonic velocity of the mortar specimens at 28 days for each cement type and curing condition.
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Cement Type

	
Average Ultrasonic Velocity (m/s)




	
Under Water

UPV (m/s)

	
95% RH

UPV (m/s)

	
Difference

(95% RH- Water) %

	
50% RH

UPV (m/s)

	
Difference

(50% RH- Water) %






	
CEM I 52.5 R

	
3977 ± 33

	
3704 ± 50

	
−7

	
3535 ± 27

	
−11




	
CEM I 42.5 R

	
3966 ± 15

	
3665 ± 30

	
−8

	
3357 ± 13

	
−15




	
CEM II/A-V 42.5 R

	
3922 ± 15

	
3618 ± 36

	
−8

	
3160 ± 37

	
−19




	
CEM II/B-V 32.5 R

	
3763 ± 48

	
3440 ± 61

	
−9

	
2954 ± 13

	
−22
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Table 4. Typical ultrasonic pulse velocity values to assess the quality of Portland cement mortars.
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	Mortar Quality
	Excellent
	Good
	Poor
	Very Poor





	UPV (m/s)
	>3800
	3800–3500
	3500–3200
	<3200










[image: Table] 





Table 5. Fitting parameters with regard to the correlation between the ultrasonic pulse velocity (UPV) and compressive strength of the mortar specimens at 28 days, for each cement type and curing condition (R= a + b × V).
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Fitting Parameters




	
Under Water

	
95% RH

	
50% RH




	
a

	
b

	
R2

	
a

	
b

	
R 2

	
a

	
b

	
R 2






	
28-days average ultrasonic velocity (m/s)

	
−412.2

	
0.120

	
0.87

	
−287.7

	
0.0948

	
0.95

	
−154.2

	
0.0609

	
0.98




	
14-days average ultrasonic velocity (m/s)

	
−396.9

	
0.1161

	
0.85

	
−262.6

	
0.0856

	
0.96

	
−154.9

	
0.0586

	
0.96




	
7-days average ultrasonic velocity (m/s)

	
−365.1

	
0.1102

	
0.89

	
−206.0

	
0.0719

	
0.98

	
−154.2

	
0.0571

	
0.9873




	
2-days average ultrasonic velocity (m/s)

	
−230.1

	
0.0783

	
0.98

	
−110.4

	
0.0463

	
0.93

	
−167.2

	
0.0615

	
0.99




	
1-day average ultrasonic velocity (m/s)

	
−93.3

	
0.0448

	
0.93

	
−62.2

	
0.0355

	
0.96

	
−85.39

	
0.0405

	
0.98
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Table 6. Fitting parameters with regard to the correlation between the ultrasonic pulse velocity (UPV) and compressive strength of the mortar specimens at 28 days, for each cement type and curing condition (R = a × e b × V).






Table 6. Fitting parameters with regard to the correlation between the ultrasonic pulse velocity (UPV) and compressive strength of the mortar specimens at 28 days, for each cement type and curing condition (R = a × e b × V).





	

	
Fitting Parameters




	
Under Water

	
95% RH

	
50% RH




	
a

	
b

	
R 2

	
a

	
b

	
R 2

	
a

	
b

	
R 2






	
28-days average ultrasonic velocity (m/s)

	
0.0076

	
0.0023

	
0.92

	
0.0609

	
0.0019

	
0.98

	
0.2671

	
0.0016

	
0.94




	
14-days average ultrasonic velocity (m/s)

	
0.0100

	
0.0022

	
0.91

	
0.1079

	
0.0017

	
0.96

	
0.2142

	
0.0016

	
0.99




	
7-days average ultrasonic velocity (m/s)

	
0.0192

	
0.0021

	
0.94

	
0.3286

	
0.0014

	
0.98

	
0.2292

	
0.0015

	
0.99




	
2-days average ultrasonic velocity (m/s)

	
0.2676

	
0.0015

	
0.99

	
2.0241

	
0.0009

	
0.96

	
0.1651

	
0.0016

	
0.99




	
1-day average ultrasonic velocity (m/s)

	
3.3263

	
0.0008

	
0.97

	
5.3544

	
0.0007

	
0.98

	
1.3707

	
0.0011

	
0.99












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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