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Abstract: Ultrasonic pulse velocity (UPV) is a non-destructive measurement technique with which
the quality of any concrete element can be evaluated. It provides information on concrete health
and for assessing the need for repair in a straightforward manner. In this paper, the relationship
is studied between UPV readings and the mechanical behavior of self-compacting concrete (SCC)
containing coarse, fine, and/or powdery RA. To do so, correlations and simple- and multiple-
regression relationships between compressive strength, modulus of elasticity, splitting tensile strength,
flexural strength, and UPV readings of nine SCC mixes were assessed. The correlations showed that
the relationship of UPV with any mechanical property was fundamentally monotonic. The inverse
square-root model was therefore the best-fitting simple-regression model for all the mechanical
properties, although for bending-tensile-behavior-related properties (splitting tensile strength and
flexural strength) the estimation accuracy was much lower than for compressive-behavior-related
properties (compressive strength and modulus of elasticity). Linear-combination multiple-regression
models showed that the properties related to bending-tensile behavior had a minimal influence on
the UPV value, and that their introduction resulted in a decreased estimation accuracy. Thus, the
multiple-regression models with the best fits were those that linked the compressive-behavior-related
properties to the UPV readings. This therefore enables the estimation of the modulus of elasticity
when the UPV and compressive strength are known with a deviation of less than ±20% in 87% of the
SCC mixes reported in other studies available in the literature.

Keywords: compressive behavior; mechanical indicator; mechanical performance; multiple regression;
non-destructive testing; property standardization; self-compacting concrete; statistical correlation; recycled
aggregate; ultrasonic pulse velocity

1. Introduction

Non-destructive testing (NDT) is currently gaining greater relevance in the study of
construction materials [1,2] and existing historic structures [3]. It is a type of analysis with
which certain properties of concrete, such as mechanical performance [4] and reinforcement
corrosion [5,6], and of other construction materials, such as masonry [7], are measured
without inflicting any damage. Thus, the results of NDT can be used to estimate the
current mechanical properties of construction materials, without any further damage to
the component that is being tested [8], provided that their accuracy limitations are kept in
mind [9]. Knowing the mechanical properties allows evaluation of the degree of damage
of the tested element, which means that repair or rehabilitation can be promoted and
conducted with greater success both in historical constructions [10] and in more recently
built concrete structures [11–13]. Among the NDT procedures for concrete are the hammer
rebound index, electrical resistivity, and ultrasonic pulse velocity (UPV) [14,15].
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UPV has been one of the most widely used NDT techniques to evaluate the quality of
in situ concrete since the mid-20th century [14]. This non-destructive measurement consists
of placing two transducers on the concrete surface, between which an ultrasonic pulse is
transmitted through the concrete [16]. The test result is the time that the ultrasonic pulse
takes to travel from the transmitting transducer to the receiving transducer. The quotient
between the separation distance of the transducers and the measured time lapse is the UPV
reading [17]. The measurement of this time lapse can be done by placing the transducers in
three different ways. First, there is the direct method, in which the transducers are placed
on opposite sides of the concrete test sample. Second, there is the semi-direct method, in
which the transducers are placed on faces of the concrete test sample, usually at an angle of
90◦ to each other. Finally, there is the indirect method, in which the transducers are placed
on the same face of the concrete test sample. The most commonly used method is the direct
method, as it provides a travel time over a known distance [18].

The value of the UPV, generally measured with the direct method, can be related
to different properties of concrete [19,20]. Thus, the higher the UPV, the higher the den-
sity and the lower the porosity of the concrete, and, therefore, the better its mechanical
behavior [21,22]. Although UPV has traditionally been used to estimate the modulus of
elasticity of concrete, its close relationship with concrete porosity has led to studies showing
its usefulness at estimating other concrete properties such as compressive strength mainly
by linear simple-regression models [23,24]. In this study, the aim is to go still further, by
evaluating whether an overall picture of all the mechanical properties of concrete can be
obtained only through the UPV index.

Currently, various types of concrete are promoted as sustainable alternatives. One of
them is recycled aggregate concrete, made with recycled aggregate (RA), widely used in the
production of different sorts of concrete elements [25–27]. This type of aggregate is mainly
produced from demolition waste and other concrete elements that have been crushed. It is
largely formed of natural aggregate (NA) that constitutes crushed concrete and the mortar
adhering to it [28]. Furthermore, RA contains mortar fragments in its finer fractions [29].
The main advantage of this type of concrete is that it increases sustainability and reduces
NA consumption [30,31]. However, the high water absorption of RA and having less dense
interfacial transition zones than ordinary concrete reduce the workability and strength
of the resulting concrete [32–34]. Thus, it is essential to balance the sustainability and
performance of concrete by defining an adequate RA content [35].

Another type of concrete whose use is also increasingly common is self-compacting
concrete (SCC), which is characterized by an almost liquid-like behavior in the fresh
state [36,37]. The composition of the SCC must therefore have a large amount of fine
particles (limestone filler, fine aggregate), a low proportion of small-size coarse aggregate,
and an adequate amount of plasticizer [37–39]. SCC has a number of functional advantages,
such as a high-pumping capacity and optimum adaptation to any type of formwork [38]. In
addition, its use also has environmental benefits, since the absence of vibration saves energy
and, therefore, reduces the carbon footprint of concreting [40,41]. This type of concrete can
also be manufactured with RA, and the studies conducted on its use have reached similar
conclusions to the tests on conventional concrete [22,40].

There are some studies in the literature that address the NDT of SCC containing RA
through the UPV. On the one hand, some studies show the statistical dependence between
UPV and the mechanical behavior of this type of concrete [21,42,43]. Thus, it was found
that the linear-regression relationship is adequate to predict the compressive strength from
the UPV [42,43], although a more reliable estimate is obtained by complementing the UPV
with another non-destructive measure such as the hammer rebound index [21]. These
studies have served as a basis for the current focus on the use of algorithms that can predict
the compressive strength of SCC containing RA from the composition of the concrete [44].
On the other hand, it has also been demonstrated that the UPV can be used to evaluate the
durability behavior of this type of concrete and to predict its expected damage by external
agents using linear simple-regression models [45]. However, further research is needed
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on the non-destructive evaluation of this type of concrete to ensure that SCC concrete
components may be repaired or rehabilitated, which will in turn promote its usage. For
this purpose, the utility of the UPV as an indicator of the overall mechanical performance
of the SCC containing RA by considering multiple regression can be analyzed.

In a previous study, the authors demonstrated the validity of the hammer rebound
index to obtain an overview of the mechanical behavior of SCC with RA [46]. It was found
that multiple-regression fitting of the hammer rebound index as a function of compressive
strength, modulus of elasticity, splitting tensile strength, and flexural strength, using
standardized values for all properties, showed that the hammer rebound index can be
correlated with the mean weighted average values of compressive and bending-tensile
behavior. So far, the scientific literature has only shown the validity of the UPV for
estimating different concrete properties through simple regression on an individual basis,
as detailed throughout this introduction. Therefore, the aim in this paper, using the same
SCC mixes of the previous paper of the authors [46], was to evaluate whether UPV readings
can be expressed through multiple regression as a function of all the mechanical properties,
so that this non-destructive measure could be used to obtain an overview of the mechanical
behavior of SCC containing RA.

2. Materials and Methods

In this section, the characteristics of the raw materials and the design of SCC mixes
are described. Further details can be found elsewhere [46].

2.1. SCC Raw Materials

All the mixes were made with CEM I 52.5 R cement according to EN 197-1 [47],
drinking water, a plasticizing admixture, and a viscosity regulator. The definition of a
suitable proportion of both admixtures, 1.50% and 0.77% of the cement mass, respectively,
promoted high levels of self-compactability to be achieved without excessively increasing
the water-to-cement ratio.

Three different types of aggregate powder, the aggregate fraction responsible for
providing the high amount of fine particles necessary for homogeneous dragging of the
coarse-aggregate particles within the cement paste [48], were used. These three types
were limestone filler <0.063 mm, limestone powder 0/0.5 mm, and RA powder 0/0.5 mm.
Their particle-size distributions are represented in Figure 1, while their density and water
absorption levels are shown in Table 1. The choice of these three types of aggregate powder
was to evaluate the effects of aggregate-powder size and origin on SCC behavior, in addition
to providing a higher number of experimental results for the statistical studies.
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Table 1. Physical properties of aggregates.

Aggregate SSD Density
(Mg/m3) 1

15-min Water
Absorption (wt%)

24-h Water
Absorption (wt%)

Limestone filler 2.77 0.37 0.54
Limestone powder 2.60 1.95 2.57

RA powder 2.31 6.32 7.95
Siliceous sand 2.58 0.18 0.25

Fine RA 2.37 5.77 7.36
Coarse RA 2.42 4.90 6.25

1 SSD density: saturated-surface-dry density.

100% of the coarse aggregate in all SCC mixes was RA 4/12.5 mm from the crushing of
rejected precast-concrete elements with a minimum age of 3 years. The fine aggregate of the
mixes was composed of either natural rounded siliceous sand 0/4 mm or fine RA 0/4 mm
from the crushing of the same concrete elements as the coarse fraction. Their gradation and
physical properties are shown in Figure 1 and Table 1, respectively.

2.2. SCC Mix Design

A total of 9 SCC mixes were designed, which always incorporated 100% coarse RA, in
order to maximize the amount of this aggregate, thus increasing the sustainability of the
SCC containing RA [30]. Three mixes were designed with each aggregate powder, each in-
corporating a different content of fine RA by volume: 0%, 50%, and 100%. The fundamental
target of the design of each mix was to achieve a slump flow between 750 mm and 850 mm
(slump-flow class SF3 according to EN 206 [47]). For this purpose, the mix compositions
were initially obtained from Eurocode 2 [49], after which they were empirically adapted
when the nature of the aggregate powder or fine aggregate was modified:

• All the mixes incorporated the same amount of coarse RA, cement, and admixtures.
• The amount of water was increased when increasing the fine RA content or adding

RA powder to balance their high-water absorption levels (Table 1), so that the effective
water-to-cement ratio was equal to 0.40 in all mixes. The effective-water-to-cement
ratio was calculated according to the 15-min water absorption levels (Table 1), as the
mixing process of SCC lasted for 15 min.

• The use of larger-sized aggregate powders (limestone powder 0/0.5 mm and RA
powder 0/0.5 mm) required increased amounts of aggregate powder compared to the
mixes made with limestone filler <0.063 mm, proportionally adjusting the amount of
fine aggregate. This action was necessary to achieve the fine particle content for the
required slump flow [38].

The composition of each mix is shown in Table 2 with the following system of labels:

• Aggregate powder: Limestone Filler (F); Limestone powder (L); RA powder (R).
• Percentage content of fine RA: 0% fine RA (0); 50% fine RA (50); 100% fine RA (100).

2.3. Experimental Plan

After the manufacture of the mixes, the slump-flow test EN 12350-8 [47] was per-
formed, to verify the slump-flow class of each mix against requirements. Subsequently,
10 × 20-cm cylindrical specimens, 10 × 10 × 10-cm cubic specimens, and 7.5 × 7.5 ×
27.5-cm prismatic specimens were prepared and stored in a humid chamber with 95 ± 5%
humidity and a temperature of 20 ± 2 ◦C until they were 28 days old, at which time the
experimental tests were conducted. Compressive-strength, elastic-modulus, and splitting-
tensile-strength tests were performed on the cylindrical specimens as per EN 12390-3,
EN 12390-13, and EN 12390-6 [47], respectively. The flexural strength was measured on
prismatic specimens according to EN 12390-5 [47], while the UPV readings were taken with
cubic specimens according to EN 12504-4 [47]. The mechanical properties were represented
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as the mean average of two determinations, while the UPV value represented the mean
average of three readings, due to its greater variability [16].

Table 2. SCC composition.

Aggregate F0 F50 F100 L0 L50 L100 R0 R50 R100

Limestone filler 165 165 165 0 0 0 0 0 0
Limestone

powder 0 0 0 335 335 335 0 0 0

RA powder 0 0 0 0 0 0 305 305 305
Siliceous sand 1100 550 0 940 475 0 940 475 0

Fine RA 0 505 1010 0 435 865 0 435 865
Coarse RA 530 530 530 530 530 530 530 530 530
Viscosity
regulator 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30

Plasticizer 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50
Water 185 210 235 185 210 235 200 220 245

Cement 300 300 300 300 300 300 300 300 300

3. Results and Discussion: Experimental Tests

The basic aspects of the fresh and mechanical behavior of SCC mixtures must be briefly
addressed in order to gain a proper understanding of the statistical approach outlined
in the following section. A much more detailed analysis of these fresh and mechanical
properties is covered elsewhere [46].

3.1. Fresh Performance: Slump Flow

The slump flows of all the mixes, shown in Figure 2, were between 750 mm and
850 mm. The results met the initially established slump-flow requirement (SF3 slump-flow
class), despite the 100% coarse RA incorporated in all the mixes, the angular forms of which
tended to reduce concrete workability [43].
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The addition of the fine fraction of RA increased the slump flow in an approximately
linear way, possibly due to its higher fines content than rounded siliceous sand (Figure 1).
Thus, the irregular shape of fine RA was no longer a problem, having addressed its higher
water absorption in the mix design [36]. The positive effect of fine RA was not carried
over to RA powder, whose use led to the lowest slump flows, some coinciding with the
minimum required value of 750 mm. A plausible explanation may be that the more irregular
shape and lower density of this aggregate powder in comparison with limestone aggregate
powders hindered the dragging of the larger aggregate particles, thus reducing the SCC
flow, as some other researchers also noted [50]. The smaller particle size of the limestone
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filler <0.063 mm compared to the limestone powder 0/0.5 mm also increased the slump
flow of the resulting SCC.

3.2. Mechanical Performance

The mechanical properties of the nine mixes are detailed in Figure 3. It is of note that
the values of the SCC containing limestone aggregate powders were adequate for structural
applications, despite the use of 100% coarse RA [49].
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All changes in the SCC composition affected the mechanical behavior of the mixes:

• On the one hand, the addition of fine RA led to a decrease in all mechanical properties,
with an average reduction of 30–40% when using 100% fine RA. This decrease was
almost linear for the properties dependent on bending-tensile behavior (splitting
tensile strength and flexural strength, Figure 3c,d). On the contrary, the decrease in
compressive strength and the modulus of elasticity for a 50% fine RA content was
less than expected, considering the values obtained for 100% fine RA (Figure 3a,b).
It showed the mainly negative effects of small amounts of fine RA on the bending-
tensile behavior of SCC, which was already worse than that of vibrated concrete, due
to its higher fines content [51]. Increased porosity and weakening of the interfacial
transition zones caused by the fine RA explained this worsening of the mechanical
performance [22,27].

• On the other hand, limestone powder provided the best results for strength-related
properties and especially in those properties dependent on bending-tensile behavior.
As found in other studies, this aggregate powder contributed to a compact and high-
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quality cementitious matrix [48]. The use of RA powder yielded the worst mechanical
results and in the same way as fine RA, its presence explained a similar yet more
pronounced strength behavior in the concrete [50,51]. Thus, a compressive strength of
only 15.4 MPa was obtained when combining 100% fine RA and RA powder.

3.3. Ultrasonic Pulse Velocity (UPV)

The UPV results shown in Figure 4 reflected the same trends as the mechanical
properties. This aspect is the first indicator of a relationship of statistical dependence
between this NDT measure and all the mechanical properties.
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The addition of fine RA led to a decrease in the UPV, due to the lower density and
higher porosity of SCC after the addition of that aggregate [42], although values corre-
sponding to a high-strength concrete were obtained in the mixes with 0% fine RA in spite
of the 100% coarse RA of all the mixes. In a similar way to the mechanical properties, the
UPV was higher in the mixes made with limestone powder, due to the high quality of the
cementitious matrix [48], while the smallest values were obtained in the mixes made with
RA power, because of the further porosity increase and density reduction it caused [50]. In
fact, the use of RA powder in an SCC with 100% fine RA led to a UPV value lower than
3 km/s, corresponding to a low-strength concrete [16]. An aspect that the results of the
mechanical properties such as compressive strength all confirmed (Figure 3).

4. Results and Discussion: Statistical Approach

In this section, the statistical procedure is presented to show that UPV can indeed be
used to obtain a partial overview of the mechanical performance of concrete and, more
specifically, SCC containing RA. The reasoning behind using both the UPV and the hammer-
rebound tests is very similar [46].

4.1. Correlation Analysis

The first step in assessing whether there is a precise relationship between the UPV read-
ings and each mechanical property is to perform a correlation analysis of the data [52,53].
In this case, the Pearson correlation coefficient, which indicates whether there is a linear
correlation, and the Spearman correlation coefficient, which reflects the existence of mono-
tonic correlations, are shown in Figures 5 and 6, respectively (compressive strength (CS);
modulus of elasticity (ME); splitting tensile strength (STS); flexural strength (FS); ultrasonic
pulse velocity (UPV)). Both were calculated at a 95% confidence level.
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As shown in both figures, there was a strong correlation between UPV and all the
mechanical properties with values above 0.70 in all cases. Its positive sign indicated
that an increase in any mechanical property led to an increase in the UPV index, as is
usual in concrete [14]. The highest correlation was obtained for compressive strength
(Pearson correlation of 0.94 and Spearman correlation of 1.00), which showed that UPV
is fundamentally related to compressive strength in these types of concrete mixes. It did
not follow the usual pattern, as UPV is a property that has usually been linked to the
elastic stiffness of concrete [16]. All other mechanical properties showed a similar Pearson
correlation with the UPV index, at around 0.75–0.80. However, the Spearman correlations
were equal to 0.92 for both modulus of elasticity and flexural strength, although the
Spearman correlation was only 0.77 for splitting tensile strength. Thus, in general terms, it
can be stated that the UPV index was less strongly related to the tensile-related mechanical
properties than to the mechanical properties dependent on the compressive behavior
of concrete, including flexural strength. It is important to note that flexural strength is
influenced by both the tensile and the compressive strength of concrete [49].

Comparing both types of correlations shown above, it can be seen that the Spearman
correlation values were always higher. A result that points to a monotonic relation between
the UPV readings and the mechanical properties, so that, although the linear relation was
adequate, the most accurate relation between the UPV readings and every mechanical prop-
erty was potential. The greatest difference in the value of both correlations was obtained
for the modulus of elasticity and flexural strength, each of which showed a particularly
noticeable difference in accuracy between the linear and the monotonic relationship.
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4.2. Simple-Regression Analysis

The simplest type of statistical model to establish a relationship between two variables
is a simple-regression model, which evaluates whether one variable can be estimated
from another. The final objective of this study was to determine whether the UPV result
can be expressed as a function in which all the mechanical properties are reflected. In a
first approach to the analysis of this aspect, a simple-regression analysis was therefore
conducted, so as to study whether a UPV reading could be expressed as a function that is
dependent on the value of each mechanical property considered individually.

In this simple-regression analysis, the R2 coefficients of all the conventional simple-
regression models were analyzed, yielding the result that the most accurate (higher co-
efficient R2) simple-regression model for all the mechanical properties was an inverse
square-root model, as shown in Equation (1) (UPV is ultrasonic pulse velocity, in km/s;
MP is each mechanical property, all in MPa units except the modulus of elasticity in GPa; a
and b are adjustment coefficients). The adjustment coefficients and coefficient R2 for each
mechanical property are detailed in Table 3. The coefficients R2 for the linear models are
also provided.

UPV =

√
a − b

MP
(1)

Table 3. Simple-regression analysis.

Mechanical Property
Most Accurate Model Linear Model

a b R2 (%) R2 (%)

Compressive strength 21.353 194.252 97.91 87.51
Modulus of elasticity 23.404 208.482 90.31 62.54

Splitting tensile strength 25.383 31.679 64.86 53.94
Flexural strength 25.398 41.214 73.90 62.38

The coefficients R2, confirmed the above-mentioned aspects related to the correlations.
On the one hand, the Spearman correlations were higher than the Pearson correlations, so a
potential model, in this case an inverse square-root model, had a higher R2 coefficient than
the linear model. Therefore, the inverse square-root model was more accurate than the
linear model for estimating the UPV through the mechanical properties. On the other hand,
it can also be noted that while the coefficient R2 for the square-root inverse model was very
high, above 90%, for compressive strength and modulus of elasticity, it was much lower,
around 65–70%, for splitting tensile strength and flexural strength, properties related to the
bending-tensile behavior of concrete. This aspect was already observed in the correlations,
which were lower for the bending-tensile-behavior-related properties.

Based on these results, it can be stated that the UPV readings can indeed be expressed
as a function of each mechanical property, which is an especially accurate relationship
for the mechanical properties linked to compressive behavior. Therefore, the formula
resulting from expressing the UPV as a function of the four mechanical properties will
most likely depend more on the compressive strength and modulus of elasticity to achieve
a higher accuracy.

4.3. Multiple-Regression Analysis

Bearing in mind the aspects discussed in the previous sections, the procedure for
obtaining an expression that simultaneously links the UPV readings with all the mechan-
ical properties is addressed in this section. First, the standardization of the variables is
presented, and then the multiple-regression model is approached.

4.3.1. Standardization

In multiple-regression modeling, a variable is expressed as a function of the values
of a set of variables. In this case, the aim is to express the UPV readings as a function
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that is dependent on a set of mechanical properties. If the real values of the mechanical
properties and the UPV readings are used, then the function will not only be influenced by
the statistical relation between the UPV readings and the mechanical properties, but also
by their values, since all these properties are not expressed on comparable scales, so the
values will also influence the estimates [43]. This aspect is reflected by the simple example
of a flexural strength of 7 MPa, that is a high value, while a compressive strength of 7 MPa
is a very low value, although the value of both mechanical properties is the same, which is
because the scales of both mechanical properties are not comparable. This difference in the
scales affects the estimation by multiple regression, and the importance of each mechanical
property in the value of the UPV is not shown in the expression, otherwise the value of
each one would influence the final result.

Before developing the multiple-regression models, both the UPV and the mechanical
properties were standardized to address the above-mentioned problem of non-comparable
scales. Thus, units were eliminated, obtaining dimensionless values in the interval (−2, 2)
for both UPV and mechanical properties, and all properties were therefore expressed in
values comparable to each other [54,55]. Standardization was performed according to
Equation (2) (XS is the standardized property; Xexp is experimental value of the property to
be standardized, in its corresponding units (MPa, GPa, or km/s); Xm is the arithmetic mean
of the values of the property to be standardized for all SCC mixes, in its corresponding
units; Xmax is the upper limit of the 95% confidence interval of the values of the property
to be standardized for all SCC mixes, in its corresponding units; and Xmin is the lower
limit of the 95% confidence interval of the values of the property to be standardized for all
SCC mixes, in its corresponding units). These values for each property, obtained from the
experimental results shown in Section 3, are detailed in Table 4.

XS =
Xexp − Xm

Xmax − Xmin
(2)

Table 4. Values for the standardization of the UPV readings and the mechanical properties.

Variable Xmax Xmin Xm

Compressive strength (MPa) 42.23 26.75 34.49
Modulus of elasticity (GPa) 33.31 20.58 27.01

Splitting tensile strength (MPa) 3.69 2.70 3.20
Flexural strength (MPa) 4.84 3.49 4.17

UPV (km/s) 4.15 3.58 3.87

The standardization procedure, in addition to making all the properties comparable
with each other and enabling the use of multiple-regression models, defines two aspects
of the properties to be known simply on the basis of their values. On the one hand, the
sign can be used to determine whether a property for any mix is higher (positive sign) or
lower (negative sign) than the arithmetic mean of the values of this property for all the
SCC mixes, which are shown in Table 4. On the other hand, its value informs us that if that
mechanical property for any mixture is within the 95% confidence interval obtained for the
values of that property for all the SCC mixes (Table 4), then the standardized value must be
between −0.50 and 0.50. In summary:

• A standardized value between 0.00 and 0.50 indicates that the property is above the
mean and within the confidence interval.

• A value greater than 0.50 shows that the property is above the upper limit of the
confidence interval.

• A value between −0.50 and 0.00 indicates that the property is below the mean, but
within the 95% confidence interval.

• A value below −0.50 shows that the property is below the lower limit of the 95%
confidence interval.
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Figure 7 shows the standardized value of all the experimental values of the mechanical
properties and the UPV. From this figure, the following aspects can be noted:

• The compressive-behavior-related mechanical properties (compressive strength and
modulus of elasticity), as well as the UPV of the mixes made with up to 50% fine RA
and limestone (both types) presented values that were in general higher than the mean
value (standardized values over zero).

• The mixtures with limestone and fine natural aggregates (0% RA) were the ones that
exceeded the upper limit of the 95% confidence interval (standardized values over 0.5).

• The standardized values for those mixes made with 100% fine RA were lower than the
mean value and the lower limit of the 95% confidence interval (standardized values
under −0.5).

• For the properties related to bending-tensile behavior (splitting tensile strength and
flexural strength), only limestone powder 0/0.5 mm led to properties above the mean
value in all cases (positive standardized values).

• The use of RA powder together with 0% fine RA led to standardized values very close
to 0.00 for all the properties that were studied, which caused the increase in fine RA
content to yield values that were clearly below the mean. Furthermore, when 100%
fine RA was added, they were clearly below the 95% confidence interval (standardized
values under −0.5).

Despite the advantages of standardization, it generally only supports the development
of linear regression models. When a simple-regression analysis of the UPV as a function of
each mechanical property was separately undertaken, it was found that the only conven-
tional model that could be fitted was the linear model shown in Equation (3) (UPVS is the
standardized dimensionless value of the UPV reading; MPs is the standardized, dimen-
sionless value of the mechanical property; a is the adjustment coefficient). The adjustment
coefficients and R2 coefficients for each mechanical property are detailed in Table 5. In
line with the aspects addressed in previous sections, the fit was much better than with the
mechanical properties related to compressive behavior. Linear multiple-regression models
were therefore developed.

UPVS = a × MPS (3)

Table 5. Simple linear-regression model between standardized properties.

Variable a R2 (%)

Compressive strength 0.933 87.52
Modulus of elasticity 0.769 80.43

Splitting tensile strength 0.730 53.86
Flexural strength 0.787 62.26

4.3.2. Model Development

Based on all the aspects discussed above, a linear multiple-regression model was
proposed in which the UPV was expressed as a linear combination of all the mechanical
properties, as shown in Equation (4) (UPVS is the standardized UPV value; CSS is the
standardized compressive strength; MES is the standardized modulus of elasticity; STSS is
the standardized splitting tensile strength; and FSs is the standardized flexural strength).
In this model, which presented a high accuracy (coefficient R2 of 89.84%), it was found
that, taking into account the sign, the sum of the coefficients of the mechanical properties
was around 1. Thus, it could be stated that the use of standardized properties means that
the percentage part of the UPV value that each mechanical property represents can be
determined. In line with the above, the following two aspects stand out:
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• On the one hand, two mechanical properties had a negative sign, i.e., a negative
contribution to the UPV value. One of these properties was the modulus of elasticity,
which offset the value of compressive strength. The other one was flexural strength,
which counteracted the value of splitting tensile strength. As a result, it can be affirmed
that the UPV value is a weighting of the mean of the properties related to compressive
behavior, compressive strength, and modulus of elasticity, and of the mean of the
properties related to bending-tensile behavior, which are splitting tensile strength and
flexural strength.

• On the other hand, the weight of splitting tensile strength and flexural strength,
properties related to bending-tensile behavior, had a negligible weight compared to the
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properties related to compressive behavior; results that are in line with the correlations
and the accuracy of the simple-regression models presented in previous sections.

UPVS = 1.269 × CSS − 0.330 × MES + 0.012 × STSS − 0.053 × FSS (4)

The problem of the negative signs, which prevents a precise weighting of the UPV read-
ings as a function of the mechanical properties, was addressed through a linear multiple-
regression model. The model depended on the arithmetic mean of the properties related to
compressive behavior (compressive strength and modulus of elasticity) and the mean of
the properties related to bending-tensile behavior (splitting tensile strength and flexural
strength). In Equation (5), it can be seen that the mean compressive behavior explained
approximately 75% of the UPV value while the mean bending-tensile behavior represented
approximately 25%. A similar result to the one in a previous study on the hammer rebound
index [46], achieving an increase in the weight of the properties related to bending-tensile
behavior compared to Equation (4). However, the coefficient R2 of this model was only
78.69%, which meant a notable loss of accuracy compared to Equation (4). It is clear that try-
ing to obtain an expression with a simple physical application involving all the mechanical
properties implied a low estimation accuracy.

UPVS = 0.725 ×
(

CSS + MES
2

)
+ 0.240 ×

(
STSS + FSS

2

)
(5)

In view of the above discussion, it became clear that UPV was only slightly related to
the properties linked to bending-tensile behavior. In fact, their relevance in the estimation
was low and their forced introduction led to an appreciable decrease in the estimation
accuracy. It was therefore decided to work with no other values than compressive strength
and modulus of elasticity, properties mainly related to compressive behavior, which showed
a very strong relationship with the UPV readings, both from the correlation approach, and
in terms of simple regression. Thus, reconstructing the linear combination model, but only
considering those two mechanical properties, yielded Equation (6), which had a coefficient
R2 of 89.80%. If the weights of this model are analyzed, it can be noted that they were
practically identical to those obtained in Equation (4), which showed that the properties
related to bending-tensile behavior were hardly relevant in the statistical approach.

UPVS = 1.246 × CSS − 0.344 × MES (6)

Similarly, it was decided to work with the mean value of the compressive-behavior-
related properties to eliminate the effect of the signs, resulting in Equation (7). This model
presented a very similar coefficient R2 to the previous one, underlining that the mean
value of the properties related to compressive behavior explained around 90% of the value
of the UPV. Since the introduction of the properties related to bending-tensile behavior
had reduced the precision of the estimation, the remaining 10% of the UPV value can be
explained in terms of the experimental variability of the UPV itself, rather than in terms of
these properties, which is known to be very large, as shown in other studies [16,24].

UPVS = 0.894 ×
(

CSS + MES
2

)
(7)

4.3.3. Model Applicability and Utility

The utility of both Equations (6) and (7) is clearly to estimate either the compressive
strength or the modulus of elasticity, when the other mechanical property is known by a
UPV reading. The known mechanical property can be determined in two different ways:
it could be experimentally measured or it could be determined through the UPV using
existing models [21]. In this last option, the compressive behavior of concrete can be
completely evaluated by measuring only the UPV, so that through this NDT measurement,
one mechanical property is first determined by means of models already available in the
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literature [21] and then the other mechanical property is calculated by applying the models
developed in this article. Table 6 shows an example application of Equations (6) and (7),
considering that the compressive strength of mix L0 is known, and its modulus of elasticity
is to be calculated, for which reason the UPV index of this SCC mix was determined.

Table 6. Calculation of the modulus of elasticity of mix L0 with the proposed models.

Calculation Step Value

Known SCC properties Compressive strength (MPa) 1 45.6
UPV (km/s) 4.22

Standardized properties Compressive strength 0.7177
UPV 0.6179

Standardized modulus of elasticity with Equation (6) MES = UPVS−1.246×CSS
−0.344 0.8034

Standardized modulus of elasticity with Equation (7) MES = 2×UPVS
0.894 − CSS 0.6646

Modulus of elasticity with Equation (6) (GPa)
(Equation (2) and Table 4) ME = MES × (MEu−95 − MEl−95) + MEm 37.2

Modulus of elasticity with Equation (7) (GPa)
(Equation (2) and Table 4) ME = MES × (MEu−95 − MEl−95) + MEm 35.5

Modulus of elasticity: Experimental value (GPa) See Figure 3b 36.4
1 Compressive strength could also be calculated through the UPV using models available in the literature [21].

It was found that the estimations of the modulus of elasticity using both models were
adequate, with a difference between the experimental value and the estimated value of
about 1 GPa. The modulus of elasticity determined by applying Equation (6) was slightly
more accurate, since in the development of this model both compressive strength and
modulus of elasticity were individually considered. The introduction of the mean value
of both properties for the development of Equation (7) led to a small loss of accuracy that
was reflected in the estimation of the modulus of elasticity shown in Table 6. The aspects
discussed in the previous section mean that the use of the UPV index is not advisable for
estimating the properties related to bending-tensile behavior.

4.3.4. Analysis of Other Studies: Validation

Final verification of the validity of the model for estimating the modulus of elasticity
of the SCC containing RA when the compressive strength and the UPV index were known
was conducted through the few other studies found in the literature that measured these
three concrete properties [56,57]. Equation (6) was considered, as it provided the most
accurate estimates of the mechanical properties of the SCC mixes from which the models
were developed (Table 6).

It was found that the modulus of elasticity could be estimated in 87% of the mixes
with mechanical properties within the range of the mixes used to develop the model, with
a deviation of less than ±20%, while the deviation was less than ±10% in 47% of the cases
(Figure 8). When the modulus of elasticity was not correctly estimated, it was mainly due
to unusual values of the compressive strength or the UPV. In those cases, higher values
were obtained for the compressive strength and/or the UPV than those expected according
to the trends of the mixtures through which the models were developed. The obtained
results underline the utility of the model and its accurate predictions on the basis of UPV
readings of two mechanical properties (modulus of elasticity and compressive strength)
related to the compressive behavior of SCC containing RA.
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5. Conclusions

In this paper, the validity of an overall assessment of the mechanical behavior of
self-compacting concrete (SCC) with recycled aggregate (RA) on the basis of ultrasonic
pulse velocity (UPV) readings was analyzed. To do so, the statistical relationships be-
tween four mechanical properties (compressive strength, modulus of elasticity, splitting
tensile strength, and flexural strength) and the UPV of nine different SCC mixes made
with coarse, fine and/or powdery RA were evaluated. The statistical tools used in this
analysis were correlations, simple regression, and multiple regression, which led to the
following conclusions:

• UPV was strongly correlated with all the mechanical properties, although the mechan-
ical properties related to compressive behavior (compressive strength and modulus
of elasticity) presented a higher correlation. The dependence of UPV on mechanical
properties was fundamentally monotonic.

• In line with the correlation analysis, the best-fitting simple-regression model for all
mechanical properties was an inverse square-root model (potential model). However,
the estimation accuracy obtained for splitting tensile strength and flexural strength
was lower than those for compressive strength and modulus of elasticity.

• The mechanical properties related to bending-tensile behavior (splitting tensile strength
and flexural strength) had practically no percentage influence on the UPV value when
developing linear-combination multiple-regression models through standardized
properties. Furthermore, their forced introduction reduced the estimation accuracy.
Therefore, the development of multiple-regression models that linked UPV readings
with splitting tensile strength and flexural strength was not adequate.

• Relating UPV readings, compressive strength, and modulus of elasticity values of SCC
containing RA was feasible through multiple regression, either through individual
treatment of each mechanical property (Equation (6)) or as the mean value of compres-
sive behavior (Equation (7)). Thus, both mechanical properties can be estimated from
the UPV readings when one of them is known.

The test results reported in this paper have shown the utility of UPV readings for
estimating compressive strength and modulus of elasticity values of SCC containing RA.
Thus, it has been shown that this non-destructive measurement can be useful, not only in
the evaluation of conventional vibrated concrete, but also for the evaluation of sustainable
concretes containing RA.
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52. Ivanović, B.; Saha, A.; Stević, Ž.; Puška, A.; Zavadskas, E.K. Selection of truck mixer concrete pump using novel MEREC
DNMARCOS model. Arch. Civ. Mech. Eng. 2022, 22, 173. [CrossRef]

53. Wang, S.; Zhu, H.; Liu, F.; Cheng, S.; Wang, B.; Yang, L. Effects of steel fibers and concrete strength on flexural toughness of
ultra-high performance concrete with coarse aggregate. Case Stud. Constr. Mater. 2022, 17, e01170. [CrossRef]

54. Llopis-Albert, C.; Toro, W.R.V.; Farhat, N.; Zamora-Ortiz, P.; Del Pozo, Á.F.P. A new method for time normalization based on the
continuous phase: Application to neck kinematics. Mathematics 2021, 9, 3138. [CrossRef]

55. Winkler, J.R.; Mitrouli, M.; Koukouvinos, C. The application of regularisation to variable selection in statistical modelling.
J. Comput. Appl. Math. 2022, 404, 113884. [CrossRef]

56. Fiol, F.; Thomas, C.; Muñoz, C.; Ortega-López, V.; Manso, J.M. The influence of recycled aggregates from precast elements on the
mechanical properties of structural self-compacting concrete. Constr. Build. Mater. 2018, 182, 309–323. [CrossRef]
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