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Abstract: The present study provides a correlation and regression analysis of lightweight waste ag-
gregate concretes with varying degrees of fibre reinforcement. The concrete mix contains pre-soaked
red ceramic waste aggregate, expanded clay coarse aggregate and Portland cement. Copper-coated
crimped steel fibre was used as the reinforcement. The experimental results included properties mea-
sured by destructive test methods—compressive strength, splitting tensile strength, static modulus of
elasticity, the limit of proportionality, shear strength; and by non-destructive test methods—dynamic
modulus of elasticity and surface electrical resistivity. These properties were analysed to study the
relevancy and significance between non-destructive and destructive methods of measurement in the
case of different amounts of fibre. The results show differences in the degree of fit to the linear and
quadratic regression curves for pairs of destructive and non-destructive test results. As expected, the
linear relationship can be applied in a few cases, but the quadratic curve must be used for a few pairs.
Another observation is that it is not possible to neglect the amount of fibre in the correlation analyses
of the measured properties.

Keywords: fibre; correlation analysis; destructive and non-destructive methods; waste concrete

1. Introduction

Concrete is one of the most common building materials in the construction industry.
Ordinary concrete is a mixture of natural aggregates and derivatives of the hydration pro-
cess of cementitious material. However, its typical composition and massive consumption
cause rapid depletion of natural aggregate resources, and, in addition, cement production
has a negative impact on global man-made CO; emissions [1,2]. Therefore, research focused
on the use of alternative aggregates, the use of less cement, the advanced modelling and
design of the structures, and the correct evaluation of the results obtained from experi-
mental testing, and the study of the dependencies between the measured data is of great
interest for many research groups around the world [3,4]. As aggregate plays a key role
in concrete production due to its high proportion in the concrete mix, it is responsible for
the unsustainable consumption of local natural resources [5]. Many studies have shown
that natural aggregates (fine or coarse) can be replaced by crushed demolition concrete [6],
waste bricks [7-9], waste sanitary appliances [10], recycled plastic aggregate [1,5,11], or ar-
tificial geopolymer fine and coarse aggregates [12]. Cement production can also be reduced
by partial replacement of Portland cement with different cementitious and pozzolanic
materials [13-15].

Although concrete exhibits high compressive strength, it is a very brittle material prone
to tensile stress. Concrete tensile strength can be effectively improved by incorporating
fibre into the mixture to create fibre-reinforced concrete (FRC). The addition of the fibre can
also influence fracture toughness, impact strength, durability, etc. [16-18]; and it has also
been known that added fibre has a negligible effect on concrete compressive strength and
modulus of elasticity [19]. Steel fibre is one of the most popular and widely used for FRC.
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Countless publications have already been published on FRC dealing with experimental
and analytical methods to evaluate the strength characteristics of FRC, taking into account
concrete grades, concrete types, cure time, steel fibre geometry, aspect ratio and volume
fraction, e.g., [16-18]. As part of creating more sustainable structures, it is also possible to
replace ordinary steel fibre with natural [20,21] or plastic fibres [22].

Research into determining the relationship between the mechanical properties of
concrete or fibre concrete is still relevant. In the paper [23], two power relations for the
experimental results of compressive and splitting tensile strength for reinforced concrete
with polypropylene fibre and reinforced glass fibre are presented, while another study [24]
presents, the linear correlation between splitting tensile strength and flexural strength.
Strong correlations were found between compressive strength and splitting tensile strength,
and between splitting tensile strength and flexural strength in the case of steel fibre re-
inforced concrete in [25]. In the study [26], the results of splitting tensile strength, direct
tensile strength, strain capacity, and crack arrest ability were evaluated to increase with
increasing amount of steel FRC and increasing addition of silica fume. A positive correla-
tion was observed in the case of concrete with different amounts of ferronickel slag and
blast furnace slag powder between the axial compressive strength, elastic modulus, tensile
strength of splitting, and cubic compressive strength [27].

A separate chapter is devoted to the evaluation of suitable non-destructive methods
for the assessment of new and existing structures in the contribution [28]. The advantages
of economy and speed are balanced by the disadvantages of greater inaccuracy and the
need for more measurements [29]. It is also generally recognised that various concrete ad-
mixtures and other compositional parameters can have a large influence on the calibration
relationships of non-destructive methods [30].

This study focuses on the evaluation of the volume fraction of copper-coated crimped
steel fibre on the engineering properties of concrete from the waste red ceramic fine ag-
gregate (WRCFA). The experimental results were collected and analysed to describe the
relevance and relationship between destructive and non-destructive tests using correlation
and regression analysis. This analysis allows us to present and evaluate how the composi-
tion of unconventional concrete will affect the commonly known calibration relationships.

2. Materials and Methods
2.1. Concrete Properties

The concrete mixture was designed to study the possibility of the use of recycled
aggregates; in this case, the recycled aggregates are fine particles from red ceramic airbricks
(see Figure 1a) without any remaining mortar. The loose density of WRCFA was measured
as 1183.8 kg/m?, compacted density was 1489.2 kg/m?, and the water absorptivity was 46%.
The coarse particles of the concrete mixture are represented by expanded clay aggregates
(ECCA, see Figure 1b). The loose density of ECCA was measured as 318.8 kg/m3, the
compacted density was 345.8 kg/m?, and the water absorptivity was 36%.

(a) (b)

Figure 1. Waste red ceramic fine aggregate (WRCFA) (a), expanded clay coarse aggregate (ECCA) (b),
copper-coated crimped (CCC) steel fibre (c).
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The aggregates were water pre-soaked to study the phenomenon of internal curing of
cement, and no other mixing water was used. Portland Cement I 42.5 N-NA was utilized.
The last used component of the concrete mixture is copper-coated crimped (CCC) steel
fibre (length = 30.8 mm, diameter = 0.73 mm, density = 7800 kg/m?>, ultimate tensile
strength = 1.7 GPa) in the various percentages of concrete volume (see Figure 1c).

The process of design and testing of mechanical characteristics is described in detail
in [31]. The composition of the concrete is given in Table 1. Density of concrete is approxi-
mately 1450 kg/m?>. The concrete is marked according to the percentage of reinforcement,
from 0% to 1.5% of the volume of concrete, which is the only parameter of the concrete
mixture that was changing.

Table 1. Concrete composition.

Component WRCFA—Dry ECCA—Dry Cement I 42.5 Tap Water CCC Steel Fibre
C0.0 379 kg/m?3 247 kg/m3 321 kg/m?3 461 kg/m3 0 kg/m?
Cco5 379 kg/m? 247 kg/m3 321 kg/m3 461 kg/m? 39 kg/m?
C10 379 kg/m? 247 kg/m? 321 kg/m? 461 kg/m? 78 kg/m3
C15 379 kg/m? 247 kg/m3 321 kg/m3 461 kg/m? 117 kg/m?3

The consistency of the fresh mixture according to EN 12350-2:2009 [32,33] was mea-
sured immediately after the mixing. After 24 h, the specimens were measured and weighed,
and the density of every mixture was determined [33]. The concrete was classified as
lightweight (density was less than 1800 kg-m~3) according to standard [34]. Most of the
mechanical properties—namely, compressive strength, splitting tensile strength, static
modulus of elasticity, the limit of proportionality and residual flexural strength, shear
strength—were measured after 28 days of curing in a water tank by destructive testing
methods (DT).

Dynamic modulus of elasticity was measured by the non-destructive testing method
(NDT) also 28 days after casting. The surface resistivity of concrete was measured in
the specific points of time after casting—7, 14, 28, 56, 91 days—to calculate the diffusion
and ageing coefficient, and almost a year after casting for the research purposes of the
relationship between surface and bulk resistivity [35,36]. The methods are also briefly
introduced in this contribution.

2.2. The Methodology of Destructive Tests

The compressive strength was tested on three cube specimens of each concrete mixture
with an edge length of 0.100 m, which were placed in the testing machine and continuously
loaded at a constant speed according to the EN 12390-3 standard [37]. The resulting
maximum failure force F [N] and the cross-sectional area of the test specimen A [m?] were
used to calculate the compressive strength f. [Pa]:

fc: Aic (1)

The splitting tensile strength was tested on three cube specimens of every concrete
mixture with an edge length of 0.100 m, which were placed into the testing machine
and continuously loaded at a constant speed based on the standard EN 12390-6 [38].
The resulting maximum failure force F [N], the contact length L [m] and the transverse
dimension of the test specimen d [m] were used to calculate the splitting tensile strength
f t,spl [Pa]:

f tspl — % ()

The secant (static) modulus of elasticity was tested on three cylindrical specimens of
every concrete mixture with a diameter of 0.150 m and height of 0.300 m, according to
EN 12390-13 [39]. The stabilized secant modulus of elasticity E.s [Pa] is defined by the
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difference between measured nominal upper and lower stress Ac [Pa] and strain difference
during the third loading cycle Ags [-]:

Ao
EC S

5T Aey 3)

The ultimate flexural tensile strength of concrete without reinforcement, limit of
proportionality and residual flexural tensile strength were determined based on load-crack
mouth opening displacement curves from three-point bending tests of three notched beams
of every concrete mixture with the length of 0.600 m, and height and width of 0.150 m,
according to EN 12390-5 [40] and EN 14651 [41]. The ultimate flexural tensile strength and
the limit of proportionality f;op [Pa] are defined by the maximum load or, respectively, the
load corresponding to the limit of proportionality, F [N], the span of the supports [ [m], the
width of the specimen b [m] and the distance between the tip of the notch and top of the
specimen hgp [m]:

3-F-1
= 4
frop 202, (4)

The shear strength was tested on six beam specimens of every concrete mixture with a
height and width of 0.150 m, which were loaded continuously and without impact. The
shear strength fs},,r [Pa] is defined by the maximum force F [N] and area of the cross-section
of the specimen A [m?]:

F
fshear = ﬁ . (5)

2.3. The Methodology of Non-Destructive Tests

The dynamic modulus of elasticity was tested on three beams of every mixture on their
shorter length of 0.150 m using an ultrasonic pulse testing instrument. The test method
is described in the standard EN 12504-4 [42]. The dynamic modulus of elasticity Ec, [Pa]
is defined by the density of the material p [kg-m’3], the length of measuring base L [mm)]
and time of the single pulse pass T [us]:

2
Ecu :p-(é) . (6)

Surface resistivity was measured on three cylindrical specimens with a diameter of
0.150 m and length of 0.300 m by the Wenner probe according to the AASHTO T358
standard [43]. The volume electrical resistivity py [kQdcm] is then defined by the measured
surface electrical resistivity psur [kQdem] and correction constant K [-], which depends on
the shape and size of the sample [44]:

Ovol = psur'K (7)

The measured electrical resistivity values can be subsequently used to derive the diffu-
sion coefficient of concrete related to numerical calculations of the durability of structures
exposed to aggressive substances.

The main advantage of these methods is the rapid handling of instruments and
samples. The methods are non-destructive; therefore, repeated measurements are also
possible in order to obtain the development of the specific properties in time.

2.4. Correlation and Regression Methodology

After the experimental data from testing were collected, statistical analysis and pair-
wise regression correlation were performed. The Pearson correlation coefficient (PCC)
[-] was used for quantification of the linear relationship between two experimental pa-
rameters [45]. This coefficient can range from —1 (perfect negative correlation) to +1
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(perfect positive correlation). Its value can be then sorted into three categories—strong
(0.7 < Irl <1), moderate (0.3 < Irl <0.7) and weak (0.0 < Irl <0.3) [45-47].

However, the result is inaccurate if the relationship between two parameters is not
linear. This relationship is thus suitable for the first search for connections and needs to be
supplemented by further mathematical analyses. In the application of regression analysis,
it is possible to search for a curve appropriately describing the relationship between two
parameters, thus mathematically determining their dependence. Among others, linear and
quadratic regressions can occur [47].

Whether a curve is appropriate and accurate for a given data set can be described,
for example, by the coefficient of determination, which uses the least-squares method to
determine the result [48]. The closer the coefficient of determination is to 1, the more the
curve is the best fit for the measured data. With respect to further use of the obtained
regression equations, it is ideal to find a linear curve. However, if the best-fit value is low,
the application of quadratic regression or other higher polynomials may be ideal. In the
present study, linear and quadratic regression is always analysed, and if the value of the
coefficient of determination is greater than 0.8 [49], it is considered a high correlation.

3. Results
3.1. Results Related to the Amount of Fibre

The basic observation on the set of all measured data is related to the evaluation of the
effect of the amount of fibre on the resulting parameters. Figure 2 shows the values for all
the parameters obtained sorted by concrete type, i.e., with 0%, 0.5%, 1.0% and 1.5% fiber in
the mixture.

EC00 ECO05 EC10 @CLS

"l a7

Splitting tensile ~ Static modulus of Dynamic modulus Limit of Shear strength ~ Surface resistivity
strength [MPa]  elasticity [GPa] of elasticity [GPa] proportionality [MPa] [KQ-cm]
[MPa]

Figure 2. The overview of the experimentally measured data.

In general, it seems that the parameters increase with the amount of fibre and the
concrete gets better. However, the opposite trend can be seen for electrical resistance, as the
highest values are for C0.0 concrete (without reinforcement) and the electrical resistance
decreases with the amount of reinforcement. In the case of compressive strength, an increase
in value is observed with more fibre, except for C1.0 concrete, which is the weakest of the
whole data set. The addition of fibre can create a space between the fibres and concrete
matrix, which is filled with air already while mixing. The air voids are linked to the small
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interaction between the fibre and cement paste. Therefore, the concrete loses its strength.
However, this phenomenon has been shown to be very common [50] and small losses of
compressive strength were also observed compared to fibre-free concrete, e.g., in the case
of high-performance fibre-reinforced concrete [51] and in the case of high-, medium- and
low-strength concrete reinforced with polypropylene fiber [52]. The measurements of static
modulus of elasticity are similar, but in this case, the C0.0 concrete exhibits the lowest
values. Splitting tensile strength, dynamic modulus of elasticity, and shear strength show
always better values with the higher amount of fibre. The result of limit of proportionality
is the highest for C0.5 concrete and then decreases slightly.

The main objective of the evaluation was to analyse the relationships between the
results of the two NDTs—dynamic modulus of elasticity and surface resistivity, and the pa-
rameters obtained by the other DTs. The first step was to determine the Pearson correlation
coefficient (PCC), which is shown in Table 2.

Table 2. Pearson correlation coefficients between the two parameters of non-destructive testing
methods (NDTs) and other destructive testing methods (DTs).

Dynamic Modulus of Elasticity [GPal Surface Resistivity [KQ-cm]

Compressive strength [MPa] 0.702 —0.539

Splitting tensile strength [MPa] 0.954 —0.966

Static modulus of elasticity [GPa] 0.956 —0.715

Dynamic modulus of elasticity [GPa] 1.000 —0.889

Limit of proportionality [MPa] 0.605 —0.314

Shear strength [MPa] 0.885 —0.940
Surface resistivity [KQ-cm] —0.889 1.000

The Pearson correlation coefficients show that the dynamic modulus has, in most
cases, a positive linear relationship with the other values. The only exception is the surface
electrical resistivity, which has a strong negative correlation. The following parameters
fall into the category of a strong positive correlation with the PCC above 0.7 for dynamic
modulus of elasticity and compressive strength, splitting tensile strength, static modulus
of elasticity, and shear strength. The limit of proportionality correlates with the dynamic
modulus of elasticity moderately. In the case of the surface resistivity group, a strong
negative correlation can be seen for splitting tensile strength, static modulus of elasticity,
shear strength and dynamic modulus of elasticity. A moderate negative correlation can be
seen for the surface resistivity and compressive strength and limit of proportionality.

3.2. DT Results vs. Dynamic Modulus of Elasticity

Linear and quadratic equations were prepared to obtain appropriate regression curves.
The coefficients of determination were calculated for all pairs. In Figures 3-7, the results for
the dynamic modulus and all the parameters from destructive methods are depicted.

Figure 3 shows that the relationship between the dynamic modulus and the cubic
compressive strength has low goodness of fit in linear regression. However, when the
quadratic relationship was applied, the result of the fit of the coefficient of determination is
0.82. This value shows significant goodness of fit in the quadratic equation.

On the contrary, the results in Figure 4 clearly show that the linear regression between
dynamic modulus and splitting tensile strength shows a high agreement on the level of
0.91. Even though the quadratic equation is 5% better for this pair of parameters, it is not
necessary to use it in numerical modelling.



Mathematics 2022, 10, 229

7 of 15

1

5 ly = 1252 - 313.65x+ 2064.5.
E L R2=0.8165 l Py
& g5 | hrmimrmamae S
= 14
= e "
g 12 1y =2.9067x~22.591}
S 10 |___Rr=04935
k%)
& 8
-
g 6 X Measured
o 4 = === Linear

2 — + =Quadratic

0

12 12.5 13 13.5 14

Dynamicmodulus of elasticity [GPa]
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Figure 4. The relationship between dynamic modulus of elasticity and splitting tensile strength.

The expected and appropriate results can be observed in Figure 5, which shows the
relationship between the dynamic and static modulus of elasticity. The linear regression by
itself shows the goodness of fit value on the level of 0.91. Based on these results, it can be
confirmed that the non-destructive method using the ultrasonic velocity measurement is
suitable for obtaining the values of static elastic modulus for this type of waste aggregate
concrete, which has been already a well-established fact for ordinary concrete mixtures.

Interesting results are shown in Figure 6, where a very low goodness of fit for the
linear regression between the dynamic modulus and the limit of proportionality can be
observed. After applying the quadratic regression, the agreement is at the level of 0.95. This
is an interesting result mainly because the dynamic modulus shows the plastic properties
and the limit of proportionality; on the other hand, it determines the largest stress, which is
directly proportional to the strain. Thus, these two parameters behave differently at higher
values of the amount of fibre.
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Staticmodulus of elasticity [GPa]

Figure 5. The relationship between dynamic modulus of elasticity and static modulus of elasticity.

Limit of proportionality [MPa]

Shear strength was chosen as the last parameter for the analysis of correlation with
the dynamic module. In Figure 7, a relatively high agreement can be seen even in the linear
regression, but at the level of quadratic regression, the agreement value is more than 0.96.
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Figure 6. The relationship between dynamic modulus of elasticity and limit of proportionality.
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3.3. DT Results vs. Electrical Resistivity

The second part of the presented correlation analysis was related to the surface elec-
trical resistivity and other DTs. The results in Figure 8 show a low correlation between
electrical resistivity and cubic compressive strength. The amount of fiber was expected to
have a different effect on the electrical conductivity and strength of the concrete.

18
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X
Sl rmrmem ===
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Figure 8. The relationship between surface resistivity and compressive strength.

Figure 9 shows the relationship between electrical resistance and splitting tensile
strength. Both of these parameters are highly dependent on the amount of fibre and
therefore a high linear regression can be observed. The quadratic regression equation is
then not appropriate as it shows almost the same fit. Conversely, for the resistivity and
static modulus relationships shown in Figure 10, a low agreement can be seen for both
linear and quadratic regression.
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Figure 10. The relationship between surface resistivity and static modulus of elasticity.

In the case of the relationship of electrical resistivity and limit of proportionality,
interesting results were observed, as well as in the case of a relationship with the dynamic
modulus of elasticity, which is shown in Figure 11. Due to the progression of the limit
of proportionality values, linear regression is not appropriate since the value of the coef-
ficient of determination is almost zero. However, when the quadratic curve is applied,
the coefficient of determination is 0.79, which is a high value, and some correlation can
be inferred.
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The last result of the analysis presented is the relationship between the electrical
resistivity of the surface and the shear strength (see Figure 12). Both of those parameters
should be affected by the amount of fibre similarly. This is also shown by the results of the
linear regression, which has a goodness of fit at a level of 0.88, and the quadratic regression,
which has a goodness of fit of 0.95.
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Figure 12. The relationship between surface resistivity and shear strength.

4. Discussion

In assessing the appropriate description of the relationship between parameters ob-
tained by destructive and non-destructive methods, it is necessary to clearly identify the
advantages and disadvantages of such procedures. Non-destructive methods are suitable
for long-term and time-dependent measurements of existing structures and have the ad-
vantage of being cost-effective, economical, and relatively easy to implement. On the other
hand, for numerical models that are used to assess the durability of reinforced concrete
structures, it is necessary to obtain accurate and unencumbered results.
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The values of the coefficient of determination for all analysed pairs are presented in
Table 3. It was found that in the case of evaluating concrete made of WRCFA with different
amounts of steel fibre, some non-destructive methods can be used advantageously to derive
other parameters.

Table 3. Resulted values of coefficient of determination R? for all analysed pairs of parameters.

Dynamic Modulus of Elasticity [GPal Surface Resistivity [KQ-cm]

Linear Quadratic Linear Quadratic
Compressive strength [MPa] 0.494 0.817 0.291 0.520
Splitting tensile strength [MPa] 0.910 0.966 0.934 0.939
Static modulus of elasticity [GPa] 0.913 0.926 0.512 0.573
Limit of proportionality [MPa] 0.366 0.951 0.099 0.794
Shear strength [MPa] 0.784 0.964 0.884 0.955

The dynamic modulus of elasticity defined by the ultrasonic velocity can be well
correlated by linear regression with splitting tensile strength and static modulus of elasticity.
For other parameters, such as compressive strength, the limit of proportionality and shear
strength, quadratic regression is suitable and shows a high degree of agreement.

Surface resistivity shows higher variability and hence lower agreement for some pa-
rameters. With compressive strength or static modulus of elasticity, there is no appropriate
correlation at any level, but the relationship of splitting tensile and shear strength and the
electrical resistance has a high value of the coefficient of determination already in the case
of linear regression. With the limit of proportionality, the quadratic equation might be used.

In the research [53] studying the correlation between the volumetric and surface re-
sistivity of concrete and other parameters [48], evidence was presented that alternative
concrete constituents influence the results of surface electrical resistivity. The results pre-
sented in this contribution have also demonstrated these findings. In another study where
the authors evaluated the relationship between compressive strength and electrical resis-
tivity [54], it was found that it is difficult to describe the regression curves mathematically.
Other interesting results were presented by the authors of the study on surface resistance
and ultrasonic velocity of concretes with geopolymer [55]. The results showed a correspon-
dence that is also possible for other parameters of reinforced concrete. This finding agrees
with the results presented in this paper.

5. Conclusions

The article showed the results of different methods of experimental testing of non-
traditional concrete from recycled aggregate and mainly statistically analysed them. The
research aimed to present the use of simple correlation and regression analysis meth-
ods in terms of the influence of the composition of the fibre reinforced concrete on the
mathematical description. Not all mechanical properties are directly proportional to the
amount of fibre. It cannot be clearly stated that the amount of fibre has no effect on the
resulting correlations, and therefore this effect must be always taken into account. The
relationships between DTS and NDT in the period after 28 days of concrete cure proved
the following conclusions:

e  The dynamic modulus of elasticity defined by the ultrasonic velocity has correlated by
linear regression with splitting tensile strength and static modulus of elasticity.

e  Compressive strength, the limit of proportionality and shear strength report a high
quadratic regression with a dynamic modulus of elasticity.

e  Surface resistivity shows higher variability and hence lower agreement for some
parameters.

e In the case of compressive strength or static modulus of elasticity, there is no appropri-
ate correlation at any level; however, with splitting tensile strength and shear strength,
the electrical resistance has high values of linear regression.
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e In the case of the limit of proportionality, the quadratic equation in relation to electrical
resistance can be used.

e  Some NDT methods can be used as an alternative to destructive methods, but more in-
depth analysis is needed, especially when using new types of material as a replacement
for conventional ingredients of concrete.

It should be noted that four points obtained from the averages of the measurements
were used for each evaluation, which reduces the accuracy of the best fit analysis. Further
research development should also focus on the use of non-destructive testing of the surface
electrical resistance and ultrasonic velocity of non-traditional concretes used for the real
structures in the practice.
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