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Received 27 August 2020 Abstract: Periodic inspections in reinforced concrete structures are important to be carried out to assess their

Accepted 18 April 2021 state of conservation. In this scenario, non-destructive tests can be a suitable option since destructive tests are
invasive and may be difficult to be performed in some cases. Considering this option, correlations between non-
destructive test parameters and the concrete properties to be analyzed are useful tools that make easier the
structure inspection. In the present work, correlations between the compressive strength (f;) and splitting tensile
strength (f;) and surface electrical resistivity (p) of concretes were studied. Brazilian concretes of six different
mixtures were analyzed at five different ages and correlation curves between strength properties and surface
electrical resistivity of concrete were obtained, which are represented by the general relationships f. = 14.18-In(p)
+18.43 and f; = 0.69-In(p) + 2.15 for compressive strength and splitting tensile strength, respectively. In addition,
a general curve considering literature data and results from this work was proposed to represent the relationship
between compressive strength and surface electrical resistivity - f. = 11.89-In(p) + 18.90.
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Resumo: A realizagdo de inspegdes periddicas em estruturas de concreto armado ¢ importante para a avaliagdo do
seu estado de conservagao. Neste cenario, ensaios ndo destrutivos podem ser uma opgao adequada, uma vez que os
testes destrutivos sdo invasivos e, em alguns casos, podem ser dificeis de serem realizados. Considerando essa opgao,
correlacdes entre pardmetros de ensaio ndo destrutivos e propriedades do concreto a serem analisadas sao ferramentas
uteis que facilitam a inspegdo da estrutura. No presente trabalho, foram estudadas correlagdes entre a resisténcia a
compressdo (f;), a resisténcia a tragdo por compressdo diametral (f;) e a resistividade elétrica superficial (p) de
concretos. Concretos brasileiros com seis tragos distintos foram analisados em cinco idades diferentes e foram obtidas
curvas de correlagdo entre propriedades de resisténcia e resistividade elétrica superficial do concreto, as quais sdo
representadas pelas relagdes gerais f. = 14,18:In (p) + 18,43 ¢ ;= 0,69-In (p) + 2,15 para resisténcia a compressao e
resisténcia a tracdo por compressdo diametral, respectivamente. Além disso, foi proposta uma curva geral,
considerando dados da literatura e resultados deste trabalho, para representar a relagdo entre a resisténcia a
compressdo e a resistividade elétrica superficial - f. = 11,89-In (p) + 18,90.

Palavras-chave: concreto, resisténcia a compressdo, propriedades elétricas, ensaios ndo destrutivos,
propriedades de tragdo.
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1 INTRODUCTION

Environmental aggressiveness associated with deficiencies in the quality of concrete structures has been causing,
prematurely, loss of performance of reinforced concrete structures. In order to evaluate the state of conservation and
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carry out preventive maintenance of these structures, periodic inspections are needed. In this scenario, non-destructive
tests (NDT) are an important tool for this kind of inspection and help on a more suitable analysis of the structure [1].

Considering the concrete structure degradation condition, destructive tests may be infeasible or bring risks to the structure.
Differently, NDT offer significant advantages with respect to its quick response, lower cost, absence of damage risk to the
structure damage, immediate availability of results and the easiness of taking as more measurements as necessary [2].

Regarding the use of NDT for concrete structures inspection, correlations between NDT parameters and the concrete
properties to be analyzed are necessary and make easier the analysis of structures inspection data. However, it is
recommended that if there is a significant change in the materials characteristics, a new correlation should be established
to provide greater reliability for the estimated property [3]. In this scenario, there are available NDT that can be used to
evaluate some concrete properties, such as their compressive strength, modulus of elasticity and durability parameters [4].

One of the most studied concrete properties associated with NDT is the compressive strength, which is linked to the
structural safety. On the other hand, sclerometry and ultrasonic pulse velocity (UPV) tests are NDT widely used to evaluate
reinforced concrete structures. As a result, there are already several studies that propose correlation curves between these
last tests and compressive strength, both individually and by the combination of these non-destructive tests [1], [5], [6].

Surface electrical resistivity of concrete is a property measured by a NDT and it is closely related to the concrete
microstructure. It is used to evaluate the concrete resistance to the chloride penetration and to the carbonation front
advance, which are the main causes of reinforcement corrosion. However, there are few studies that suggest other
applications for the surface electrical resistivity test. Some authors, such as Liibeck etal. [7], Chenetal. [8],
Bem et al. [9] and Mendes et al. [10], observed that the concrete resistivity increases as the compressive strength
increases, whereas Medeiros-Junior and Lima [11] report that electrical resistivity measurements can be used to predict
the compressive strength of Portland cement pastes.

For this reason, it is expected that the surface electrical resistivity test can be used to estimate the compressive
strength and tensile strength of concrete due to the test susceptibility to variations in the materials microstructure, as
well as the fact that these concrete properties increase with the progress of the cement hydration. Besides that, although
the relation between tensile strength and compressive was already widely studied [12-14] and follows a power
function [12-17], the surface electrical resistivity can be introduced in this scenario and generate a new approach on
this last relation, considering these three variables.

Regarding the few studies that focused on the relationship between compressive strength of concrete and its surface
electrical resistivity, and the absence of studies focused on the relationship between this electrical property and concrete tensile
strength, this work aimed to analyze the possible correlations between compressive and splitting tensile strength and surface
electrical resistivity for concretes ranged between 30 and 50 MPa of compressive strength. A new approach on the relationship
between tensile strength and compressive strength considering the surface electrical resistivity was also presented.

2 SURFACE ELECTRICAL RESISTIVITY OF CONCRETE

2.1 General aspects

Electrical resistivity can be defined as the ability of a material to withstand the electrical current passage. Therefore,
resistivity is the inverse of conductivity [9]. In the concrete, electrical resistivity is a property that characterizes the
difficulty with which the ions move in the concrete aqueous phase, subjected to an electrical field [18]. Consequently,
resistivity is a parameter that is related to the transport of aggressive agents into concrete, such as chloride ions and
carbon dioxide [11]. A low value of electrical resistivity is generally correlated with a high chloride penetration rate or
with a high rate of carbonation front advance and, consequently, a greater susceptibility to reinforcement corrosion.
That is, the higher the concrete electrical resistivity is, the greater its resistance to the penetration of aggressive
agents [19]. RILEM TC 154-EMC [19] report that depending on how the concrete resistivity is measured, different
information will be obtained. The apparent electrical resistivity is obtained in the case of the surface electrical resistivity
measurements on concrete. Volumetric resistivity is obtained when measurements are made through a concrete mass.

The volumetric electrical resistivity test is standardized in some countries [20]-[22] and is based on the measurement
of the resistance between two electrodes (in general plates) positioned on concrete opposite surfaces. However, it can
present some complexity for assembling the test cell and has limitation to be used on site [23].

The test that measures surface electrical resistivity was originally developed by geologists to measure soil
resistivity [24]. This method was adapted for use in concrete by means of a similar apparatus, which adopts a probe
with four equally spaced electrodes set up in a linear array and put in contact with the concrete surface. It is called the
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four-point method or Wenner method [24], [25]. This property is measured by reading the electrical current between
the outer electrodes and the potential difference between the inner electrodes placed on the concrete surface [23].

Additionally, other techniques have been developed and adapted for both the measurement of surface electrical
resistivity (in real structures and in specimens used in laboratory experiments), such as the surface disc test, and the
bulk electrical resistivity measurement, which differ in terms of the number of used electrodes and their positioning on
the concrete surface [19], [26]. However, Wenner method is still the one widely used.

The surface electrical resistivity test can be considered an important tool to be used to verify concrete quality and
in service life analysis of concrete structures, since it can be correlated with different properties of the material, such as
the resistance for transporting chloride ions, moisture content, degree of cement paste hydration, corrosion probability,
Young's modulus and compressive strength [9], [27].

In relation to the compressive strength property, the literature shows some studies that analyzed the relationship
between surface electrical resistivity and compressive strength, through the attainment of correlation curves [28].
However, similar relationship analysis considering the tensile strength were not identified in literature.

Andrade and D'Andrea [27], Wei et al. [29] and Medeiros-Junior et al. [11], Bem et al. [9] are researchers that,
although their main objective was to study the influence of different factors on surface electrical resistivity
measurements, they also obtained correlation curves between compressive strength and surface electrical resistivity
(Table 1), which are mainly represented by logarithmic functions.

Table 1. Correlation curves between compressive strength (fc) and surface electrical resistivity (p) for cementitious materials —
literature data.

Determination Cement Age of test Additional

Author Equation coefficient (r?) Specimens type (days) information

Four-point method

Andrade and D'Andrea (2011) f,= 6.897In(p) + 6.827 NI Concrete cylinders NI NL (Wenner method) /
[27] (150 mm x 300 mm)
p by Q-m.
f,=3.587p-9.186 0.87 Concrete cylinders Four-point method
. (100 mm x 200 mm)
Ramezanianpour et al. (Wenner method) /
(2011) [30] 335810 . 0.88 and_ concrete cubes OPC 728 o by
¢ =33.58In(p) - 27. ’ with 100 mm of kQ-cmQ-cmQ-cm.
edges
28 —f, Electrical
resistivity of
cement paste in the
Wei et al. (2012) [29] foos = 8.76.(p241) +20.4 0.963 NI N.L fresh state
1-p measured by a
non-contact
device / p by Q-m.
f.=21.24"In(p) + 11.20 0.823 28
FPC
f. =49.05-In(p) - 43.03 0.995 91
f.=32.34"In(p) - 68.97 0.997 28
Concrete cylinders PSC
Medeiros-Junior et al. f.=65.36:In(p) - 208.67 0.995 ( Og mm x 200 rgm) 91 Four-point m}clatl:joci
(2014) [31] an .concrete cubes (Wenner method)
f,=41.50"In(p) - 61.38 0.999 with 250 mm of 28 p by kQ-cm.
edges PPC
f.=70.34"In(p) - 175.80 0.993 91
f. = 14.66"In(p) + 23.29 0.992 28
HSPC
f.=32.28"In(p) - 6.92 0.999 91
Concrete cylinders Four-point method
Bem et al. (2018) [9] f. =21.49-In(p) — 2.71 0.81 Y FPC 28 (Wenner method) /
(100 mm x 200 mm)
p by kQ-cm.
Unreinforced and Four-point method
Sabbag and Uyanik (2018) [28] f.=57.2-In(p)-84.3 0.92 reinforced cubes FPC 7-90 (Wenner method) /
(150 x 150 x 150 mm) p by kQ-cm.

N.I. - Not informed  f. — Compressive strength  p — Surface electrical resistivity
OPC — Portland plain cement FPC — Filler modified Portland cement PSC — Portland slag cement
PPC — Portland pozzolan cement HSPC — High early strength Portland cement
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2.2 Influencing parameters

Wenner method is a non-destructive test with a simple operation procedure, thorough which the generated data are
immediately obtained. On the other hand, it is affected by some factors such as the moisture content of concrete.
Therefore, measurements of surface electrical resistivity must be performed under certain humidity and temperature
conditions, as well as meet some geometric criteria in relation to the tested surface.

Among all influencing factors, the moisture content is one of the most important variables, because the electric current
that passes through the concrete is driven by the aqueous solution in the pores. In this sense, Chen et al. [8] verified that
the electrical resistivity measurements on dry specimens, which were in the oven or in the air with 40% of relative
humidity, were unstable or even undetected. On the other hand, these measurements in specimens in the saturated dry
surface or saturated wet surface condition had similar resistivity values. Therefore, it is suggested that the samples should
be wetted prior to resistivity measurements, in particular to correlate these measurements with concrete properties.

Some papers report that temperature changes have certain effects on concrete resistivity. When temperature increases,
the electrons move faster, increasing conductivity, thus reducing electrical resistivity considering a constant humidity
level [7], [26]. Therefore, to eliminate the effect of temperature on surface electrical resistivity measurements, most
laboratory studies are performed in environments with controlled temperature, usually between 20 °C and 25 °C [26].

In Wenner method, electrical resistivity measurements are performed considering a semi-infinite and homogeneous
medium. This fact leads to a distortion in the measured values, since concrete is a heterogeneous material and the
cylindrical or prismatic specimens have a relatively small size, diverging from the ideal condition of having an infinitely
large geometry. To rectify this kind of distortion, a correction is suggested. The data from surface electrical resistivity
measurements from cylindrical or prismatic specimens must be multiplied by a geometric correction factor [27], [32].

Regarding the limited size of the specimens, the spacing between the electrodes must be adjusted to avoid electrodes
near the ends of the specimens. Spacing between electrodes ranging from 3 to 5 centimeters are usual [19]. Otherwise,
the electric current may flow not only through the concrete specimen, but also through air at its edges, resulting in
overestimated resistivity values, because air is always more resistant than concrete [33].

The electrical resistivity measurements are also influenced by the concrete mixtures. Considering the w/c ratio, the
resistivity values decrease as the w/c ratio increases. This behavior can be explained by the fact that the aqueous solution
in the concrete porous network acts as a conductive media [31]. Thus, concretes with a higher w/c ratio have greater
porosity and, therefore, the possibility of greater presence of water in their porous network. Taking into account the
type of cement, concretes manufactured with Portland-slag cement (ASTM Type IS) have higher resistivity compared
to Portland-pozzolan cement (ASTM Type IP) and high early strength Portland cement (ASTM type III). This behavior
is related to the pore refinement effect and reduction of concrete permeability, due to the significant amount of mineral
additions [7], [31]. Considering the amount of coarse aggregate, the aggregates have a higher electrical resistivity
compared to the hardened cement paste. Sengul [34] and Hou et al. [35] observed that the increase in aggregate amount
and the reduction in cement paste content for a given volume of concrete resulted in higher resistivity values due to the
replacement of cement paste by coarse aggregates.

3 MATERIALS AND EXPERIMENTAL PROGRAM

This work used concretes from two suppliers of ready-mix concrete, which are here identified as A and B concrete
families. Concretes from three different compressive strength classes were used, which should belong to C30 (30 MPa),
C40 (40 MPa) and C50 (50 MPa) classes.

The present research was divided in three steps. The first step consisted in the characterization of the materials used
on concretes production (fine aggregates, coarse aggregates and cements). The second step comprised the casting of
the concrete specimens, the wet curing for seven days, the conducting of the surface electrical resistivity test and the
evaluation of the compressive and splitting tensile strengths. The last three tests were performed at five concrete ages
(3, 7,28, 90 and 120 days). The third step consisted in data treatment and analysis.

3.1 Materials characterization
In relation to the fine aggregate, A concretes family used two types of sand (here called AS1 and AS2 sands) and B concretes
family used a single type of sand (here called BS1 sand). Regarding the coarse aggregates, A and B concretes used two types of
gravel (here referred to as AG1 and AG2 gravels for A concretes family, and BG1 and BG2 gravels for B concretes family).
These aggregates were characterized in regard to particle size distribution, bulk density, specific density for fine
aggregate, specific density for coarse aggregate and powder material (fine material passing through the 75 pm sieve

Rev. IBRACON Estrut. Mater., vol. 15, no. 1, 15103, 2022 4/16



C. C. Aradjo, and G. R. Meira

per wash), following the recommendations of Brazilian standards NBR NM 248 [36], NBR NM 45 [37],
NBR NM 52 [38], NBR NM 53 [39] and NBR NM 46 [40], respectively.

A and B concrete families used the same type of cement, Brazilian Portland cement of high early strength (ASTM
type III). However, they were obtained from different cement plants. For this reason, they are called here as A and B
cements, respectively. These cements were characterized in relation to their specific weight and Blaine specific surface,
following the recommendations of Brazilian standards NBR 16605 [41] and NBR 16372 [42], respectively.
Furthermore, the cements were also characterized in relation to their chemical composition, by X-ray fluorescence
(XRF), and granulometric distribution by the laser diffraction granulometry test.

3.2 Concrete specimens and tests

The casting of cylindrical specimens was performed at the construction site, according to guidelines contained in
the Brazilian standard NBR 5738 [43]. The specimens were demolded after 24 hours and then cured in lime-saturated
water until the age of 7 days. Thirty-two cylindrical specimens with 10 cm in diameter and 20 cm in height were cast
at the same moment for each concrete mixture, totalizing 192 specimens.

Each concrete mixture used in the casting of the specimens was collected from a single concrete mixer truck during
the discharge operation, after removal of the first 15% and before the discharge of 85% of the total volume was
completed, according to the Brazilian standard NBR NM 33 [44].

The surface electrical resistivity, compressive strength and splitting tensile strength tests were performed at the ages
of3,7, 28,90 and 120 days in each concrete mixture, with three specimens being tested at each age. The non-destructive
tests were carried out on the same cylindrical specimens used for compressive and splitting tensile strength tests, just
before they were tested. Furthermore, two additional specimens of each concrete mixture were also used only for
resistivity tests. Thus, the evolution of this property over time could be analyzed based on the same specimens.

The surface electrical resistivity test adopted was the Wenner method (four-point method) and it was performed
following the RILEM TC 154-EMC recommendations [19]. Each cylindrical specimen was tested on a saturated dry
surface condition, following RILEM TC 154-EMC [19] and Chen et al. [8] recommendations. Three centimeters
spacing between electrodes was used to avoid the edge effect. Moreover, a geometric correction factor was also adopted
to correct the data provided by the equipment.

Considering the cylindrical shape and dimensions of the specimens, the value used for correcting the measured data was
based on recommendations proposed by Morris et al. [32] and UNE 83988-2 [45]. Eight resistivity measures were performed on
the lateral surface of each specimen, with an MKII resistivity meter from CNS Farnell. Then, the mean and standard deviation
of the measurements were obtained. Figure 1 shows the experimental arrangement of the tests on the cylindrical specimens.

Figure 1. Surface electrical resistivity test by Wenner method in a cylindrical specimen.

Compressive strength was measured in accordance with the guidelines of the Brazilian standard NBR 5739 [46].
During the rupture of all cylindrical specimens, a confined neoprene cushion of 10 cm in diameter and 1 cm thick,
with 68 shore A hardness, was used. Tensile strength was obtained by splitting tension test, following the Brazilian
standard NBR 7222 [47] recommendations.
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4 RESULTS AND DISCUSSION

4.1 Materials characterization

Table 2 presents the physical characteristics of fine aggregates. All the characteristics presented by the fine
aggregates meet the requirements of the Brazilian standards adopted in this work.

Table 2. Physical characteristics of fine aggregates.

Code  Maximum diameter (mm) Fineness module Specific density (g/cm®) Bulk density (g/cm®) Powder material (%)
AS1 2.36 1.88 2.64 1.61 3.59
AS2 2.36 1.98 2.67 1.71 4.53
BS1 1.18 1.96 2.62 1.56 2.21

Table 3 presents the physical characteristics of coarse aggregates. Table 3 shows that the coarse aggregate AG1
could not be classified in any size distribution interval, due to the excessive presence of fine materials observed in its
granulometry test. This situation was confirmed by its high percentage of powder material (4.76%), which is much
higher than the maximum acceptable limit for coarse aggregates, which is 1%, according to the Brazilian standard
NBR 7211 [48]. Except for AG1 gravel, all other gravels presented values of physical characteristics that meet the
requirements of the Brazilian standards adopted in this work.

Table 3. Physical characteristics of coarse aggregates.

Code Size distribution Maximum Fineness module Specific density Bulk density Powder material
interval (mm/mm) diameter (mm) (g/ecm®) (g/cm®) (%)

AG1 - 12.50 5.34 2.77 1.65 4.76

AG2 9.5/25 25.00 8.50 2.78 1.52 0.42

BGl 4.75/12.5 12.50 7.00 2.76 1.43 0.34

BG2 9.5/25 25.00 9.10 2.77 1.46 0.12

Chemical and physical characteristics of the used cements are presented in Table 4. By means of the values of the
Blaine specific surface in Table 4 and the analysis of Figure 2, in which the granulometric distribution curves obtained
by the laser diffraction granulometry test are presented, it is noted that the A cement is slightly finer grained than B
cement. Chemical analysis demonstrates that in relation to the major oxide components, the respective amounts are
quite close. As a result, it can be accepted that the cements are chemically similar.

Table 4. Chemical composition and physical properties of cements.

Analyzed characteristics A Cement B Cement
Calcium oxide (CaO) 59.33% 58.51%
Silicon dioxide (SiO,) 24.99% 25.49%
Ferric oxide (Fe,0;) 4.05% 5.89%
Aluminum oxide (ALO;) 3.91% 4.55%
Sulfuric oxide (SO) 3.76% 2.42%
Magnesium oxide (MgO) 2.33% 1.98%
Phosphorus pentoxide (P,Os) 0.48% 0.03%
) » Titanium dioxide (TiO,) 0.46% 0.44%
Chem‘(coa/l)“;r}gg"s‘t‘o“ Sodium oxide (Na,0) 0.33% 0.28%
’ Potassium oxide (K,O) 0.33% 0.20%
Strontium oxide (SrO) 0.10% 0.04%
Manganese oxide (MnO) 0.04% 0.14%
Chloride (Cl) 0.03% -
Chromium oxide (Cr,053) 0.03% -
Zinc Oxide (ZnO) 0.02% -
Zirconium dioxide (ZrO,) - 0.02%
Nickel oxide (NiO) - 0.02%
Specific weight (g/cm?) 3.07 3.08
Blaine specific surface (cm?/g) 3855.63 3377.34
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Figure 2. Particle size distribution curves of cements obtained by means of laser diffraction test.

The compositions of the concrete mixtures are shown in Table 5. The codes used to identify the concrete mixtures
refer to the compressive strength class and to the used cement. For example, C40-A means a concrete of compressive
strength class C40 (40 MPa) that used A cement. High w/c ratios for concretes C30-B and C40-B are observed and this
influenced on compressive and splitting tensile strength results presented in next sections.

Table 5. Concrete mixtures.

Concrete mixtures (by weight)

Conerete POl‘tla(lll((; /;elgl)lent A AS1 sand (kg/m®) AS2 sand (kg/m®) Aii(lg%;i;;el A((?;(Zg;gl:':;;/ ol w/c ratio
C30-A 304 - 875 325 720 0.54
C40-A 393 - 798 315 680 0.45
C50-A 497 348 348 318 616 0.41

Portla(rll((gl ;s;;lem B BS1 sand (kg/m®) B((}klg/g;z;;'el B?ng%‘:;fel w/c ratio
C30-B 316 987 421 645 0.69
C40-B 328 994 515 601 0.60
C50-B 491 1007 540 550 0.41

4.2 Compressive strength

The average compressive strength values (f;) are shown in Figure 3 considering the age of the tests (3, 7, 28, 90 and
120 days). All concretes presented a tendency of compressive strength increase in the first days, which tended to a
stabilization after 28 days. This behavior is similar to those observed in literature when using the same kind of cement,

high early strength Portland cement [2], [5]. Concrete mixtures with higher w/c ratio presented lower compressive
strength results, as expected.

60 60
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Figure 3. The evolution of average compressive strength (fc) with age for A concretes (a) and B concretes (b) families.
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This increase tendency is explained by the fact that the compressive strength is correlated to solid/space ratio, as a
consequence of Power’s law [49]. The higher solid/space ratio means the more hydration products and consequently
the higher concrete strength.

In Figure 3, it can be seen that some concretes did not reach the expected compressive strength at 28 days for their
respective compressive strength class. However, these concretes were not discarded in the analysis carried out in the
present research, since the focus of this work is on the relationship between surface electrical resistivity and compressive
and splitting tensile strength, considering different concrete mixture characteristics.

4.3 Splitting tensile strength

The average tensile strength values (f;) are shown in Figure 4 considering the age of the tests (3, 7, 28, 90 and
120 days). Similarly to compressive strength, all concretes presented an increase tendency of tensile strength in the first
days, which changed to a stabilization trend after 28 days.
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Figure 4. The evolution of average splitting tensile strength (fi) with age for A concretes (a) and B concretes (b) families.

Comparing A and B concretes (Figures 4a and 4b), a slight tendency of higher values for C40-B and C50-B
concretes can be seen. The higher powder material content of AG1 gravel (see Table 5) may have contributed to a
weaker interfacial transition zone in A concretes [49], which explains this behavior. However, as concrete C30-B had
a significantly higher w/c ratio, the previous aspect was not enough to overcome the influence of w/c on splitting tensile
strength and consequently it presented lower values.

4.4 Surface electrical resistivity

The average values of surface electrical resistivity, expressed in Figure 5, were obtained for each concrete from the
measurements performed continuously on the same two specimens at the five pre-established ages (3, 7, 28, 90 and
120 days). Surface electrical resistivity increases as the age and hydration level of concrete increase [28], [50].
Furthermore, there is an inverse relationship between the open porosity of concrete and surface electrical resistivity [30].
Results on this work follow this behavior and show an increase trend of resistivity along time and, in general, higher values
for less porous concretes (with lower w/c ratio). This increase tendency is more pronounced in the first 28 days, where the
hydration products are formed on a larger scale, specially for the kind of cement used in this research.
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Figure 5. The evolution of average surface electrical resistivity (p) with age for A concretes (a) and B concretes (b) families.
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Another way to analyze the evolution of surface electrical resistivity is by fitting the power function presented in
Equation 1 to experimental data. In this Equation, p is the average surface electrical resistivity, a and b are fitting
coefficients and ¢ is the concrete age. This equation was chosen because it presented the best fitting to the experimental
data, with higher determination coefficients. Fitting results are presented in Figure 6.

p=at (1)

=== 308 C40B ----C50B

N —

—— C30A -C40A ——C50A

Surface electrical resisitivity - p (k€2.cm)

0 20 40 60 80 100 120
Age - 1 (days)

Figure 6. Fitting curves to represent the evolution of surface electrical resistivity (p) with concrete age.

The curves presented in Figure 6 show similar growth trends for the six curves, with higher increase tendencies for
less porous concretes. From Figures 5 and 6 it can be also seen that C30-A concrete presented higher values than C30-B
concrete and quite close (but still slightly higher) to C40-A (Figure 6). Respect to the lower values of C30-B in comparison
with C30-A, this can be explained by the higher porosity of the first concrete (Table 5). Respect to C30-A values being
slightly higher than C40-A values, the behavior of C30-A concrete may be influenced by a heterogeneous distribution of
coarse aggregates and the possibility of its higher presence close to the specimen’s surface.

In this sense, literature shows that it is not only the paste porosity that exerts influence on the electrical resistivity
measurements. Sengul [34] and Hou et al. [35] observed that the increase in the quantity of coarse aggregate and,
consequently, the reduction in the cement paste content result in higher values of surface electrical resistivity. Thus,
considering the possibility of a higher content of coarse aggregate close to C30-A specimen surfaces, this could explain
their obtained values of surface electrical resistivity.

4.5 Correlation between compressive strength and surface electrical resistivity

Correlation curves between compressive strength (f;) and surface electrical resistivity (p) of concrete were generated
by means of nonlinear curves fitting. Initially, the experimental data were grouped into each class (C30, C40 and C50),
i.e., the strength values of the C30-A concrete were brought together to the strength values of the C30-B concrete and
so on. This was done due to the similarity of A and B cement properties and the good harmony of data within each
compressive strength class (see Figure 7). After the formation of the sets, initial fittings were performed. The choice of
the best fitting function was based on the criterion of higher determination coefficient (r?). The 12 results obtained for
each of the curves as well as the tested functions are presented in Table 6.

Table 6 shows that the correlation curves generated by the logarithmic function are the ones that best fit the
experimental data, which is in line with the literature review (Table 1). Therefore, the logarithmic function was selected
to represent the relationship between concrete compressive strength (fc) and surface electrical resistivity (p) in this work.
During the fitting process, a statistical treatment was performed for the identification and elimination of spurious data
(outliers). As aresult, the correlation curves generated are presented in Figure 7. Equations 2 to 4 represent de relationships
between compressive strength and surface electrical resistivity for concretes C30, C40 and C50, respectively.
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Table 6. Determination coefficients (r?) of the fitting functions tested for the relationship between compressive strength (fc) and
surface electrical resistivity (p).

Coefficient of determination (r?)

Curve function

C30 C40 C50

Exponential (f, = a®) 0.58 0.53 0.61

Linear (f. = a-(p) + b) 0.67 0.52 0.63

Logarithmic (f. = a:In(p) + b) 0.83 0.73 0.84

Power (f. = a-(p)®) 0.67 0.63 0.74
fo=1629 In(p) + 5.56 12=0.83 (C30) @
Jfe=11.98 In(p) + 2239 1=0.73 (C40) 3
fe=11.57 In(p) + 25.31 r>=0.84 (C50) 4)

Additionally, the experimental data were grouped in a single set and a general curve was defined regardless of the
compressive strength classes of concrete, after a complementary statistical treatment, which allowed the elimination of
few additional spurious data (Figure 8). Equation 5 represents this relationship. As could be expected, there was a
reduction in the determination coefficient, but it still represents a good value, considering data nature.

55

50 4 éﬁ
faa]

45

40 1

[,=14.18.In(p)+18.43 - I* = 0.68|

Compressive strength - {. (MPa)

Surface electrical resistivity - p (kQ.cm)

Figure 8. General correlation curve between compressive strength (fc) and surface electrical resistivity (p) considering present data.
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fo = 1418 In(p) + 18.43 r=0.68 )

A comparison between the curves proposed by several other authors and the proposal in this work is presented in Figure 9
(geometric correction factors for compressive strength and resistivity data were adopted when necessary). This figure shows
that there is a good harmony among the curves obtained in this research and the majority of those proposed in the literature.
Medeiros-Junior et al. [31] curves, as well as Ramezanianpour et al. [30], Bem et al. [9] and Sabbag and Uyanik [28] curves
are not far from those proposed in this work and Andrade and D’ Andrea [27] curve covered a data range not covered by other
studies. In fact, there is a region represented by the grey region in Figure 9, where most curves fit, which allows to propose a
general curve to represent the behavior of all data. This general curve is represented by the function f; = 11.89-In(p) + 18.90,
with a determination coefficient of 0.51 (Figure 10), which seems to be acceptable for a diverse database.

80 = = Andrade and D'Andrea (2011) == «Medeiros Junior ¢/ al. (2014) - 28d|
= =Medeiros Junior e/ a/. (2014) - 91d == - Sabbag and Uyanik (2018)
m== o Bemef al. (2018) == « Ramezanianpour e/ a/. (2011)

70 (50 family curve (present work) e C40) family curve (present work)
== (30 family curve (present work) s General curve (present work)

60

50

40

30

20

Compressive strength - . (MPa)

Surface electrical resistivity - p (kQ.cm)

Figure 9. Comparison between correlation curves (fc versus p) proposed in literature and those from this work.

There is still a lack of studies aimed in obtaining correlation curves between the concrete compressive strength and
the surface electrical resistivity. During the accomplishment of this work, only few studies on this subject could be
observed in literature [9], [27], [28], [31] based on the Wenner method in saturated specimens and more research in
necessary to expand the literature database. At this moment, Figure 10 represents the database that could be worked on.
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Figure 10. General correlation curve between compressive strength (fc) and surface electrical resistivity (p) considering literature
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4.6 Correlation between splitting tensile strength and surface electrical resistivity

The correlation curves between concrete splitting tensile strength (f;) and surface electrical resistivity (p) were either
grouped into each compressive strength class (C30, C40 and C50). The reason for this was the same presented in
previous section. The fitting procedures followed the same steps detailed in section 4.5. The obtained correlation curves
are presented in Figure 11 and show that splitting tensile strength increases as surface electrical resistivity increases.
This behavior is explained by the fact that both properties are dependent on the solid space relation. As more hydrated
products are generated and the solid space relation increases, concrete becomes less porous. As a consequence, splitting
tensile strength increases and the surface electrical resistivity, which is influenced by the lower water content in concrete
porous network, becomes higher.

5.0
4.5 5
- T
1 JLf040In(278 - ¢ 0.51| N .
5
g/ 3.5+
3.0
S
E‘J 2.5
g
> 2.04
2
2 1.5 -
& | £20.97.In(p)*1.40 - P=0.78
1.0
0.5
| = £(C30) ® f(C40) A f (c50)|
0() T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

Surface electrical resistivity - p (kQ.cm)

Figure 11. Correlation curves between splitting tensile strength (ft) and surface electrical resistivity (p) for compressive strength
classes C30, C40 and C50.

Equations 6 to 8 represent de relationships between splitting tensile strength and surface electrical resistivity for
concretes C30, C40 and C50, respectively. They show less expressive determination coefficients than those obtained
in previous section. The higher dispersion of data can be attributed to the higher dependence of tensile strength on the
interfacial transition zone (ITZ) characteristics [49]. This means that there are aspects like the calcium hydroxide
crystals orientation in ITZ that affect tensile strength but do not influence concrete resistivity in a similar way.

f,= 097 In(p) + 140 £=0.78 (C30) (©)
fr= 077 In(p) + 2.16 12=0.47 (C40) (7
f; = 040 In(p) + 2.78 2=0.51 (C50) )]

As it was done in previous section, the experimental data were grouped in a single set and a general curve was
obtained after the fitting process (Figure 12). Equation 9 represents this relationship. As could be expected, there was
a reduction in the determination coefficient, but it still represents a good value, considering data nature. No literature
data on the relationship between splitting tensile strength and surface electrical resistivity for concretes could be found.
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Figure 12. General correlation curve between splitting tensile strength (fi) and surface electrical resistivity (p) considering present data.

fi=0.69In(p) + 2.15 r’=0.55 )

4.7 Correlation between splitting tensile strength and compressive strength

Although the correlation between tensile strength and compressive strength was widely studied in literature [12-17]
and it is not the aim of this paper, it is also presented here as part of the data analysis. Figure 13 presents this correlation,
which follows a square root of compressive strength function (a particular case of the power function fi=a-f.?). As can
be seen, less points were depicted in Figure 13, which is a consequence of using average results for each age and
concrete mixture. In previous sections (4.5 and 4.6), individual results could be used as resistivity measurements are
not destructive and were taken just before the destructive tests, resulting in more data available.

This behavior based on square root of compressive strength function is not far from that proposed by ACI [17] (also based
on square root of compressive strength) and from that proposed by a Brazilian standard [16], which confirms that the relationship
between tensile strength and compressive strength follows a power function as previously observed in literature [12-15].

Regarding that compressive strength at 28 days is a property regularly obtained for concretes and that surface
electrical resistivity is a NDT that can be easily carried out at older ages, a relationship between splitting tensile strength
(fi) and surface electrical resistivity (p) considering the compressive strength at 28 days (f.2g) and the surface electrical

resistivity at this same age (p»s) is proposed (Equation 10). It is presented in Figure 14 and shows a good harmony
between measured and predicted data.

£, = [0.594+0.127In(p / pag)].frag" 8 1=0.80 (10)
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T = 05126.£)%

35997 =0.76
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Current data funtion
Brazilian standard 6118 [16] - fl=0.30hl'_f”’—’
Oluokun ef al, [12] - £=0.214.£°

Sclim [15] - ﬂ:ll,l(lb.fio“"'s

ACI Committee 318 [17] - £=0.56.1°%
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Figure 13. General correlation curve between splitting tensile strength (ft) and compressive strength (fc) considering present data
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strength at 28 days (fc2s) and the surface electrical resistivity at this same age (p2s) for present data

5 CONCLUSIONS

This research obtained correlation curves between compressive strength, splitting tensile strength and surface

electrical resistivity. Based on the results, the following conclusions were drawn:

a)

b)

d)

The behavior of surface electrical resistivity measurements in relation to time presented an expected growth
tendency for all concrete mixtures, as a consequence of cement paste hydration process. This increase tendency is
more pronounced in the first 28 days, where the hydration products are formed on a larger scale, even more for the
kind of cement used in the present research. After this age, there is a stabilization tendency;

To represent the relationship between compressive strength (f;) and surface electrical resistivity (p) for the studied
concretes, four correlation curves are proposed following logarithmic functions, being f. = 16.29-In(p) +5.56 indicated for
C30 concrete family; f. = 11.98-In (p) + 22.39 indicated for C40 concrete family; f. = 11.57In (p) + 25.31 indicated for
C50 concrete family; and f. = 14.18-In (p) + 18.43 indicated for the total data set. All the proposed curves provide an
estimation of compressive strength of concrete, from the value of the surface electrical resistivity measured in cylindrical
specimen with 10 cm in diameter and 20 cm in height. They are applicable to concretes with materials and compositions
similar to those shown here and with values of compressive strength within the range from 25 MPa to 50 MPa at 28 days;
With respect to the curves achieved in this research and those found in the literature concerning the relationship
between compressive strength and surface electrical resistivity obtained under the saturated dry surface condition,
the few literature data available show that there is a good harmony among the curves obtained in this research and
the majority of those proposed in the literature. As a result, a general correlation curve could be proposed by the
function f. = 11.89-1n (p) + 18.90, which is not far from that proposed in “b” item;

In a similar way as compressive strength, the relationship between splitting tensile strength (f;) and surface electrical
resistivity (p) was represented by four correlation curves that followed logarithmic functions, being f; = 0.97-In(p) +1.40
indicated for C30 concrete family; f;=0.77-In (p) + 2.16 indicated for C40 concrete family; f;=0.40-In (p) +2.78 indicated
for C50 concrete family; and f; = 0.69-In (p) + 2.15 indicated for the total data set. All the proposed curves provide an
estimation of splitting tensile strength of concrete, from the value of the surface electrical resistivity measured in the same
way and with the same validity pointed out in “b” item.

e) The relationship between splitting tensile strength (f;) and surface electrical resistivity (p) considering the

compressive strength at 28 days (fc2s) and the surface electrical resistivity at this same age (p2s) can be represented
by the function f; =[0.594+0.1271n(p/pas)] - feas®*S.
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