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Abstract: The main objectives of this research are to evaluate the effects of delamination defects on the
measurement of electrical resistivity of reinforced concrete slabs through analytical and experimental
studies in the laboratory, and to propose a practical guide for electrical resistivity measurements on
concrete with delamination defects. First, a 3D finite element model was developed to simulate the
variation of electric potential field in concrete over delamination defects with various depths and
lateral sizes. Second, for experimental studies, two reinforced concrete slab specimens (1500 mm
(width) by 1500 mm (length) by 300 mm (thickness)) with artificial delamination defects of various
dimensions and depths were fabricated. Third, the electrical resistivity of concrete over delamination
defects in the numerical simulation models and the two concrete slab specimens were evaluated by
using a 4-point Wenner probe in accordance with AASHTO (American Association of State Highway
and Transportation Office) T-358. It was demonstrated from analytical and experimental studies
in this study that shallow (50 mm depth) and deep (250 mm depth) delamination defects resulted
in higher and lower electrical resistivity (ER) values, respectively, as compared to measurements
performed on solid concrete locations. Furthermore, the increase in size of shallow defects resulted in
an increase in concrete resistivity, whereas the increase in sizes of deep delamination defects yielded
opposite results. In addition, measurements done directly above the steel reinforcements significantly
lowered ER values. Lastly, it was observed from experimental studies that the effect of delamination
defects on the values of electrical resistivity decreases as the saturation level of concrete increases.

Keywords: electrical resistivity; concrete; delamination defects; non-destructive evaluation

1. Introduction

Concrete, a key component in buildings and infrastructures [1], is one of the most widely used
building and construction materials due to its predominant advantages, such as excellent plasticity,
satisfactory waterproofness, durability in harsh environments, and cost-effectiveness as compared
to other construction materials [1,2]. It is twice as abundant as all other building materials in the
world [3]. This results in abundant production of cement in the world market, which causes 6% of
total carbon dioxide emissions [4]. According to Yekkalar et al., (2013), as long as the increase of the
durability of concrete structures is prioritized, this would reduce the consumption of raw materials
and natural resources, and ultimately decrease construction waste [5]. That is why a substantial budget
from many countries and states has been expended for the repair, improvement, and maintenance
of such structures [6]. In the United States alone, it is estimated that 1.6 trillion dollars were used
for infrastructure rehabilitation from 2011 to 2015 [7]. As per Pacheco-Torgal (2017), the “Law of
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Fives” is applicable for the service life of concrete structures. Every dollar ($1) that is spent for design
and construction equates to $5 when the damage begins; $25 dollars at the start of the deterioration;
and $125 for extensive damages [8].

Corrosion of reinforcing bars (rebars) in concrete is known to be a major source of deterioration
of concrete in combination with other mechanism such as freezing and thawing cycles and
carbonation [6,9,10]. Rebars in concrete with strong alkalinity (i.e., pH 12~13) corrode very slowly due
to the presence of passive film with an insoluble substance on the surface of the rebars. However,
the passive film is unstable when the pH of the concrete is below 9 or when the chloride ion concentration
in the concrete is above a certain level. Being exposed to the corrosive environment due to sufficient
moisture and oxygen in the pores of the concrete, rebars tend to corrode because of equilibrium with
the environment. It is important to evaluate the corrosive environment and the corrosion activity
of rebars, which is essential to better understand the current condition of concrete and, if needed,
to decide appropriate maintenance actions [11].

The electrical resistivity (ER) method is one of the most suitable and easiest non-destructive
evaluation (NDE) method to characterize concrete’s susceptibility to corrosion by evaluating its
corrosive environment. Previous researchers have demonstrated that ER values of concrete can be
correlated with its durability parameters such as corrosion rate [12–16], chloride diffusivity [17–21],
and compressive strength [22–26]. It has been established in prior studies that the concrete resistivity is
inversely proportional to corrosion, i.e., a decrease in ER results in an increase in corrosion rate, and vice
versa. Similarly, a higher chloride diffusivity also results from decreasing ER measurements. A decrease
in ER measurements means a higher chloride diffusivity and chloride penetration. On the other hand,
ER varies linearly with the compressive strength of concrete, and is also correlated with porosity of
concrete. A higher compressive strength (or lower porosity) will result in a rise in concrete ER values.
Therefore, ER measurements can also help in identifying regions of the reinforced concrete elements
susceptible to chloride penetration. In addition, ER surveys can be used to evaluate corrosion activity
of concrete with another corrosion-detection techniques, such as half-cell potential that evaluates the
probability of corrosion.

In practice, the voltage and current are measured at the surface of the object under investigation.
The most common electrode layout in civil engineering applications is the Wenner setup, which was
invented in 1905 for geology [27]. In a Wenner probe configuration, four electrodes are aligned at
an equal distance with each other (see Figure 1). The external current is imposed at the two exterior
electrodes and the electrical potential difference is measured through the two internal electrodes. ER is
then calculated according to the following equation.

ρ = kR = k
(V

I

)
(1)

where ρ is resistivity, V is voltage, and I is current. The geometrical constant k is dependent on
the size and shape of the specimens and electrode spacing. In the laboratory, the ER equipment
is usually used for cylindrical and prismatic specimens while on the field, it is used in concrete
bridge decks, slabs, beams, and columns. For field applications, some researchers successfully
visualize the corrosive environment of concrete in actual structures using a Wenner probe setup.
Recently, a robotics-assisted bridge inspection tool (RABIT) was developed and deployed on the actual
bridges [28]. The RABIT combines the capability of multiple NDE techniques, which includes four
Wenner probes to automatically measure ER of concrete bridge decks. It has been demonstrated that
the RABIT is effective for optimizing and speeding-up the monitoring and comprehensive evaluation
of bridge decks.
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Figure 1. Wenner probe configuration, with “a” as the distance between the electrodes.

The data processing of ER method is simple and easily reduces to plotting the raw data. However,
the interpretation of ER data in concrete is more challenging. One of the reasons is that the ER value
of concrete is sensitive to its material properties and various environmental and external factors,
which include water/cement ratio [29,30], age of concrete [31,32], moisture content and degree of
saturation [33], specimen geometry [34], temperature [35,36], electrode spacing [37], presence of
rebars [38,39], cracks [40,41], and delamination defects [40].

Meanwhile, delamination defects are usually found beneath the surface of the concrete located
at the upper layer, between two layers, or below the steel reinforcements [42]. It is considered as
a subsurface fracture plane present in the concrete due to the corrosion of the embedded rebars.
The presence of delamination defects could change the boundary conditions of the electrical field,
which causes variations of geometrical constant during ER measurements. Therefore, validating the
presence and effect of delamination in concrete to ER measurements is important to be able to establish
an appropriate decision for its monitoring and maintenance [43].

However, there is only limited prior research regarding the effect of delamination defects on the
ER measurements. For the influence of delamination defects to ER measurements, researchers only
indicated that delamination causes difference in resistivity values. Chouteau and Beaulieu (2002),
in their numerical investigation, found out that ER values over delamination defects in concrete were
different from those values measured over sound concrete [40]. In the experimental study by Lataste
(2003), the average resistivity values measured at sound concrete zones is around 800 Ω-m, while the
average measurements on delaminated zones is around 1700 Ω-m and the maximum resistivity reaches
3000 Ω-m [41]. Morales (2014) conducted an experimental setup creating delaminated zones by
putting plastic sheets on top of the rebar mesh with different concrete covers and saturation conditions.
It was concluded that the variations in relative ER (ratio of apparent ER measured from delaminated
zones over the apparent ER measured over solid concrete) are largest at the smallest concrete cover
thickness [44]. In summary, no systematic approach has been developed to determine the interference
of delamination defects in concrete with the electrical resistivity.

The primary purposes of this research are to evaluate the effects of delamination defects in
reinforced concrete slabs on the ER measurements and to propose a practical guide for ER measurements
in concrete with delamination defects. For these purposes, four main tasks were performed in this
study. First, a 3D finite element model was developed to simulate the variation of electric potential field
in concrete over delamination defects with various depths and lateral sizes. Second, for experimental
studies, two reinforced concrete slab specimens (1500 mm (width) by 1500 mm (length) by 300 mm
(thickness)) with artificial delamination defects of various dimensions and depth were fabricated. Third,
the electrical resistivity of concrete over delamination defects in the simulated concrete slabs and the two
concrete slab specimens were measured by using a 4-point Wenner probe in accordance with AASHTO
T 259. Lastly, the effects of delamination defects on ER measurements were systematically investigated
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and discussed based on collected data from a series of numerical simulations and experiments in
this study.

2. Numerical Simulation

Model Description

A 3D finite element model was developed to simulate the interference of electric potential field
with a delamination defect in concrete using a commercially available numerical simulation tool based
on finite element method, AC/DC module in the COMSOL Multiphysics v5.5, as shown in Figure 2.
A plain concrete slab (width = 1500 mm, length = 1500 mm, thickness = 300 mm) was simulated and
studied with approximately four million extremely fine tetrahedral mesh elements with a total mesh
volume of 0.675 m3 (see Figure 2a). Four electrodes with distance of 38 mm, similar to that of the
commercial Wenner probe device, was placed at the center of the surface of the slab (see Figure 2b).
In this study, a reinforced concrete slab was also simulated to investigate the effect of rebar meshes
embedded in concrete on ER measurements (see Figure 2c,d). The reinforced concrete slab model had
the same dimensions and comparable mesh density compared to the plain concrete slab model.

Figure 2. 3D finite element models for simulation of electrical field over a delamination defect in
concrete: (a,c) finite element models for a plain- and a reinforced concrete slab, respectively; (b,d) electric
potential field over a delamination defect in a plain- and a reinforced concrete slab, respectively.

This numerical simulation calculated the electric potential using the classical Poisson’s equation
derived using Gauss law and equation of continuity,

−∇·(σ∇V− Je) = Q j (2)

where σ is the electrical conductivity (inverse of ER), Je is the externally generated electric current,
and Q j is the current source.

Using an input true resistivity of 100 kΩ-cm and an external current of 200 µA placed at the
two external electrodes, the electric potential difference (in V) were measured using two boundary
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probes placed at the location of the two internal electrodes. For comparison to the experimental data,
the simulated potential difference was used to compute for the apparent ER using Equation (1).

In this study, a series of numerical simulations was conducted to investigate the effect of geometric
properties (depth and size) of artificial delamination defects in concrete and the presence of rebars on
the effect of delamination defects. For the effect of the delamination depth, a model with a 300 mm
square delamination was simulated at varying depths, starting from 25 mm to 275 mm deep with
intervals of 5 mm. For the effect of delamination size, artificial square delamination defects with
dimensions ranging from 25 mm to 1000 mm were studied, at a constant depth of 50 mm (shallow) and
250 mm (deep).

3. Experimental Study

3.1. Preparation of Concrete Slab Specimens

Two 1500 mm (length) by 1500 mm (width) by 300 mm (thickness) reinforced concrete slabs
were fabricated at Dong-A University as part of a research project for the condition assessment and
evaluation of old and deteriorated subway concrete tracks in the cities in South Korea. The concrete
specimens were both composed of Type I Portland cement (440 kg/m3), river sand (701 kg/m3), crushed
coarse aggregate (1049 kg/m3), and water (165 kg/m3), with a total weighted density of 2355 kg/m3

and a water/binder ratio of approximately 0.38. The mixture was designed to 28-day compressive
strength of 35 MPa. Two layers of uncoated reinforcing steel bars with a diameter of 13 mm were
placed in two-way orientation with center-to-center spacing of 300 mm placed at 50 mm (top layer)
and 250 mm (bottom layer) depths. Artificial delamination defects using double-layered thin film
with a thickness of 50 µm were incorporated in the manufactured concrete slabs and were placed at
different depths with different sizes as shown in Figures 3 and 4. Shallow delamination defects (blue)
were placed at 50 mm depth directly above the rebars, whereas deep delamination defects (red) were
placed at 250 mm depth and directly below the rebars. The concrete slab specimens were kept in air
dried condition with a temperature of 20 ± 3 ◦C in the laboratory.

Figure 3. Reinforced concrete slabs with artificial delamination defects with different sizes and depths:
(a,b) concrete slab specimens 1 and 2, respectively.
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Figure 4. Actual orientation of the delamination defects installed to the reinforcing steel bars: (a) shallow
and deep delamination defects in the concrete slab specimen 1, (b) a shallow delamination defect in the
concrete slab specimen 2.

3.2. Electrical Resistivity Measurements

3.2.1. Test Setup

Electrical resistivity (ER) of concrete was measured on the surface of the two concrete slabs by
using a commercially available device (Resipod Proceq), which is based on the 4-point Wenner Probe
principle (see Figure 5). The device has a probe spacing of 38 mm (1.5 inches) which conforms to the
standard specifications of AASHTO T-358 for the surface resistivity test method. According to the
device’s manual, an input current ranging from 10 µA to 200 µA is driven to the concrete, depending
on the specimen’s contact resistance [45]. The output values are displayed in kΩ-cm, the unit of
measurement for ER.

Figure 5. Measurement of ER on a concrete slab surface using a Wenner probe device: (a) top view and
(b) side view of the testing device.

3.2.2. ER Measurements with Various Concrete Saturation Conditions

It is important to examine the effect of saturation conditions on ER measurements on concrete
slabs since ER is strongly dependent on water content in concrete. ER values of dried concrete is
extremely high that often exceeds the capacity of the measurement device. Accordingly, a number of
researchers recommended wetting the surface by using a sponge or spraying a little amount of water
before making a measurement [46–50]. However, there has been no standard guide for determining
the amount of water (or standard saturation condition) for ER measurement.
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In this study, ER of concrete was measured over four locations on the surface of concrete with
various saturation conditions to investigate the effect of saturation conditions on ER measurements.
Four points were used to conduct this test (see Figure 3a,b): point 1O at DL1 (a large shallow delamination
at specimen 1); point 2O at DL2 (a large deep delamination at specimen 1); point 3O for solid concrete
at specimen 2; and point 4O at DL2 (a shallow delamination at specimen 2). The probes were placed
parallel to the horizontal axis and the resistivity were measured every minute. Instantaneous saturation
of the concrete surface was measured for a total duration of 50 min.

In addition, ER of concrete was measured on five concrete cylinders (100 mm diameter and
200 mm height) with various saturation conditions of concrete to investigate the relationship between
the degree of saturation and ER of concrete. The concrete cylinders were made with same concrete
composition that were used for fabrication of the two concrete slab specimens. The concrete cylinders
were immersed in water for 10 days, starting from oven dry condition, reaching a fully water saturated
condition. The weight of concrete cylinders was measured before immersion and was continuously
measured with the ER for every 20 min for the first one hour, every 30 min for the next nine hours,
and every 24 h for a total of 10 days. In measuring the surface resistivity of the concrete cylinders,
the Wenner probe device was placed at every 90◦ parallel to the height of the concrete cylinder,
for two complete rotations in accordance with AASHTO TP95-11. The average concrete resistivity was
computed from the average measurements of the five samples, which were computed individually by
also averaging a total of eight measurement from four different locations. The degree of saturation
(DS) was calculated by dividing the water content measured on a specific time over the maximum
water content measured for the whole ten-day immersion. Mathematically, the equation for degree of
saturation is:

D.S. =
mi −mOD

mSSD −mOD
(3)

where mi is the instantaneous mass of the specimen at specific time of saturation, mOD is the mass
of the oven-dry (OD) concrete cylinders, and mSSD is the mass of the saturated-surface-dry (SSD)
concrete cylinders.

3.2.3. ER Measurements over Various Delamination Defects

The electrical resistivity (ER) values of the two specimens were determined at different points
presented as circled letters in Figure 3. Measurements in the concrete slab specimen 1 were made at
several selected testing locations: points a and b over solid concrete, points c and d over solid
concrete near a rebar, points e and f over a large shallow delamination defect (DL1), points g

and h for a large deep delamination defect (DL2) and points i and j for small shallow (DL3)
and deep delamination (DL4) defects, respectively. For specimen 2, measurements were made at
two testing points k and l over a large delamination defect (DL5). In order to remove the contact
resistance between the concrete and the electrodes, but to assure that the concrete be maintained in
air dry condition, the surface of the location being tested was sprayed with water twice, and the
water was spread uniformly on the surface through a sponge. Measurements were done during
the first two minutes of surface saturation to clearly identify the differences in ER measurements.
Thirty measurements were repeated at each individual test location with a single probe configuration.
The locations of the rebars were determined using a portable GPR system (StructureScan Mini XT
produced by Geophysical Survey Systems Inc. (GSSI), Nashua, NH, USA).

At every point indicated, six probe configurations, shown in Figure 6, are established to check if the
presence of rebars has a significant effect to the ER measurements. Several research papers established
that the presence of rebars results in an alteration to the ER of concrete [37,39,51–54]. In relation to this,
a modified configuration from the thesis paper by Salehi et al., (2016) was followed. With reference
to the A-I axis, electrode configurations for large delamination defects of specimens were placed in
vertical orientation (C1), horizontal orientation (C2), diagonal orientation (C3), perpendicular to a
rebar (C4), directly above the rebar (C5), and diagonal to a rebar mesh (C6). For small delamination
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defects, the Wenner probe was placed in vertical configurations at three different locations (C7, C8,
and C9), and a horizontal configuration (C10). Only three configurations were made for the solid
concrete and points considered in the shallow delamination in specimen 2 since it was far from any
reinforcement bar: horizontal, vertical, and diagonal configurations. Accordingly, the edges of the
slab were disregarded in considering the measurement points to avoid the effect of the specimen
geometry in the values of electrical resistivity. According to Sengul and Gjorv (2008), there will be an
overestimation of ER when measurements are made closer to the edges of the concrete specimen [55].

Figure 6. Wenner probe configuration: (a,b) for large and small delamination defects in concrete slab
specimen 1.

4. Results and Discussion

4.1. Experimental Variability of Electrical Resistivity Measurements

Experimental variability of the measured electrical resistivity (ER) is of interest when investigating
the consistency and reliability of the test methods. In this study, thirty measurements were performed at
each individual test location, with a single probe configuration, to investigate experimental variability
of the measured ER values. The coefficient of variation (COV, the standard deviation, σ, divided
by the mean value, µ, of a set of specimen) was used as a means of evaluating the experimental
variability of ER measurements on the surface of concrete slab specimens. Tables 1 and 2 summarizes
the statistical parameters (µ and COV) of the ER values measured over solid concrete and shallow
and deep delamination defects, with different probe configurations following the method described in
Section 3.2.3. According to AASHTO TP 358-15 [56], the single test single-operator COV for laboratory
evaluation of concrete samples is 6.3%. It can be seen in Table 1 that the COV of all measurements are
either lower or near the standard COV set. This establishes that the data gathered in this experiment
for solid concrete and delaminated zones are controlled and consistent.

It was also observed that the distribution of ER values follows the normal distribution after the
Kolmogorov–Smirnov (K-S) test. Tables 3 and 4 summarizes the K–S statistics (D), which shows all D
values (except the point h with the configuration C5) are lower than the critical D values (i.e., 0.2417
for sample size, N = 30). It can be interpreted that the measured ER data can be represented by two
statistical parameters (i.e., mean value and standard deviation).
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Table 1. Average electrical resistivity of concrete slab specimens 1 and 2 at different probe configurations
and different measurement points for large delamination defects.

Measured
Location

Configuration

C1 C2 C3 C4 C5 C6

µ COV µ COV µ COV µ COV µ COV µ COV

a
Solid 1 1021 6.06 1084 4.97 1023 4.36

-4 - -
b 1003 1.37 1086 1.48 1020 4.19
c

Solid 2 1028 3.19 1123 5.26 929 5.69 1093 4.80 856 2.81 1009 4.46
d 1021 3.10 970 3.50 980 2.24 995 1.92 821 4.72 1054 3.30
e

DL1
1504 1.15 1474 2.16 1457 1.73 1439 2.19 1427 3.04 1471 1.49

f 1512 1.03 1449 2.64 1452 2.45 1477 3.40 1377 1.74 1414 1.95
g

DL2
663 3.80 699 6.69 678 5.59 656 7.08 573 4.48 635 6.47

h 646 6.41 676 2.48 651 3.67 708 2.54 588 6.01 686 5.12
l

DL5
OF 3 -5 OF - OF - OF - OF - OF -

k OF - OF - OF - OF - OF - OF -

Note: 1 over solid concrete and 2 over solid concrete near a reinforcing bar; 3 OF stands for “overflowing” and
indicates that the measured ER value exceeds the range of ER measurement device. 4 Configurations C4-C6 not
applicable to solid concrete. 5 Not applicable since no numerical data.

Table 2. Average electrical resistivity (ER) of concrete slab specimen 1 at different probe configurations
and different measurement points for small delamination defects.

Measured Location

Configuration

C7 C8 C9 C10

µ COV µ COV µ COV µ COV

i DL3 1419 3.11 1362 3.35 1392 1.28 1384 5.64
j DL4 838 2.72 733 3.76 615 5.94 746 5.31

Table 3. K-S test statistic (D) to check the normal distribution of the electrical resistivity measurement
for large delamination of the concrete slab specimen 1.

Measured Location
Probe Configuration

C1 C2 C3 C4 C5 C6

a
Solid 1 0.0904 0.0983 0.0723 - - -

b 0.0885 0.1039 0.0731 - - -
c

Solid 2 0.1369 0.0793 0.1122 0.1499 0.0930 0.1530
d 0.1511 0.1072 0.1457 0.1087 0.0630 0.0664
e

DL1
0.1276 0.1182 0.0839 0.0814 0.1248 0.0737

f 0.0891 0.0735 0.0000 0.1010 0.1319 0.1345
g

DL2
0.1275 0.0923 0.1886 0.0804 0.1209 0.0934

h 0.0835 0.1073 0.1147 0.0779 0.2785 0.0766

Note: 1 over solid concrete and 2 over solid concrete near a reinforcing bar.

Table 4. K-S test statistic (D) to check the normal distribution of the electrical resistivity measurement
for the small delamination defects of the concrete slab specimen 1.

Measurement Points
Probe Configuration

C7 C8 C9 C10

i DL3 0.0971 0.1006 0.1281 0.1811
j DL4 0.0841 0.0813 0.1286 0.1173
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4.2. Effect of the Depth of Delamination Defects

Figure 7 shows the average ER values measured at the surface of the concrete slab specimen 1 over
solid concrete ( a and b ), shallow ( e and f , with a depth of 50 mm) and deep delamination defects
( g and h , with a depth of 250 mm), with a uniform probe configuration (C1). The delamination
defects shown in this figure have the same lateral dimensions of 300 mm by 300 mm. The ER
measurements were made about 1–2 min after spreading water by sponge on the surface of the concrete
specimen. It was observed that shallow delamination defects result in higher ER values as compared
to measurements made at solid concrete ( a and b ), whereas lower ER values were determined at
parts with deep delamination defects. The average measured ER at the shallow delaminated regions
( e and f ) was 1508.4 kΩ-cm, which is about 50% greater than the average ER value at solid concrete,
1005.4 kΩ-cm. In contrast, the average ER value measured at the deep delaminated regions was
648.1 kΩ-cm, about 35% lower compared to the values at solid concrete.

Figure 7. Average electrical resistivity values of concrete measured at the surface of the concrete slab
specimen 1 over solid concrete and shallow and deep delamination defects, with probe configuration C1.

Figure 8 shows the variation of the electric potential difference (∆V) and relative resistivity (ratio
of apparent ER over a delamination defect (300 mm width by 300 mm length) in concrete over apparent
ER of solid concrete slab) with various depth of a delamination defect in concrete obtained from
numerical simulations in this study. Following Equation (1), ρ has a linear relationship with ∆V which
explains why both data have the same trend (see Figure 8). The relative ER values evaluated from the
plain concrete and reinforced concrete models (see Figure 2) are presented as green and red circles
with dashed lines, respectively. For comparison, relative ER data measured from the concrete slab
specimen 1, shown in Figure 7, are also presented as solid circle in Figure 8. Overall, the relative ER
based on numerical simulations decreases with increasing depth of a delamination defect. The relative
ER from the plain concrete converges to approximately 1.0, which means the effect of delamination
defects becomes ignorable when the depth of a delamination defect is sufficiently deep. However,
this observation is different from those obtained from actual concrete slab specimen in the laboratory.
Relative electrical resistivity measured over the shallow delamination defects (depth of 50 mm) were
1.48 and 1.49, for points e and f as shown in the Figure 9 (blue and gray plot), respectively, whereas
according to the experimental data for deep delamination, the relative resistivity for points g and
h , are 0.66 and 0.64 (brown and yellow plot). Other influential factors (e.g., the degree of saturation,

heterogeneity of concrete, and the presence of reinforcing bars) could affect the ER values in actual
concrete slab specimens. The simulation results from the reinforced concrete model in Figure 9, validate
the experimental data, showing that the presence of rebars could cause the increase in relative ER
over the shallow delamination (50 mm). Furthermore, it could result in significant decreases in ER
values over the deep delamination defects. It is observed in Figure 9 that the presence of rebar caused a
disruption in the current flux and equipotential lines distribution throughout the concrete slab causing
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variation in the electric potential difference. However, since the orientation of steel reinforcement is
unique and varying in different reinforced concrete structures, a more detailed and in-depth study of
the effect of such (and other environmental factors) to ER values is still needed.

Figure 8. Variation of the electric potential difference and relative electrical resistivity (ER) of concrete
slab with depth of delamination defects measured from numerical simulation.

Figure 9. Electric potential field and equipotential distribution in the middle section concrete slab
models: (a) plain concrete model and (b) reinforced concrete model.

4.3. Effect of the Width of Delamination Defects

Table 5 shows the ER values measured at different sizes of delamination defects in the concrete slab
specimens in this study. Comparing values using probe configuration C1, it can be inferred in the table
that for measurements done at shallow delaminated zones (DL1, DL3, and DL5), the ER value increases
as the size of the artificial delamination increases. For the 150 mm shallow delamination defect (DL4),
a value of 1362.0 kΩ-cm is measured, a larger ER of 1504.4 kΩ-cm for the 300 mm delamination defects
(DL1), and an overflowing (OF) value for the largest (600 mm) delamination defect (DL5).

Table 5. Electrical resistivity of concrete slab at different sizes of delamination defects.

Square Dimension of Delamination (mm) Electrical Resistivity [kΩ-cm]

Shallow Deep

150 1362.0 733.4
300 1504.4 663.6
600 OF Not available



Sensors 2020, 20, 7113 12 of 19

The experimental result for the shallow delamination in Table 5 was compared with the results
obtained from the numerical simulation using both the plain concrete and reinforced concrete model.
Figure 10 shows that the increase of the dimension of the square artificial delamination in the plain
concrete results in the gradual increase in the simulated relative ER of concrete slab. It shows that
relative ER increase to as much as 1.28 for the 800 mm square dimension. For comparison, the graph
also presents the plot of the experimental data for the 150 mm (yellow circle) and 300 mm (blue and
gray circles) delamination defects that lies above the simulated graph. It can be observed in Figure 10
that a simulated reinforced concrete model shows a larger increase in relative ER, as compared to
plain concrete. Steel, being a more conductive material than concrete, will result to variation in ER
measurements. Nonetheless, both experimental and simulated data follow the same trend.

Figure 10. Variation of the relative electrical resistivity of concrete slab with varying lateral sizes of
delamination defects.

For deep delamination defects, on the other hand, the numerical simulation of the plain concrete
and reinforced concrete models show a difference in results. The relative ER of the reinforced concrete
is lower as compared to the plain concrete. Both the simulation models give a steady trend at increasing
dimensions of delamination defects. It can be deduced from the numerical simulation of the plain
concrete that the size of deep delamination defects does not affect the measurement of the ER, having a
relative ER of nearly 1.0. Moreover, this, and the reinforced concrete simulation, prove that the presence
of rebar caused the decrease in relative ER (approximately 0.9) for the reinforced concrete model.
These results also validate measurements gathered for deep delamination defects (DL2, and DL4),
having experimental relative ER of 0.66 and 0.64, respectively. It should be noted that as explained
in Section 4.2, in an actual scenario, aside from the steel reinforcements, other environmental factors
contribute to the decrease of ER. Moreover, for both delamination defects, additional rebars are installed
to fully support the placement of the artificial delamination before concrete pouring, which could be
attributed to the differences in the relative ER values from experiments and numerical simulations in
this study.

4.4. Effect of Configuration of Wenner Probe Device

It is indicated in Table 1 that among the six device configurations studied in this experiment,
probe configuration C5, placed directly above a rebar, has the lowest set of ER values measured.
For the large delamination defects (DL1), the lowest shallow delamination ER is 1377.30 kΩ-cm
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with a percent difference of 26.90%, the lowest percentage for point f . Similar observations were
made for concrete near a rebar mesh and concrete with deep delamination, which has ER values of
821.67 kΩ-cm (% difference = 24.30) and 573.17 kΩ-cm (% difference = 47.13), the lowest in both of
their respective locations.

The discussion above validates the conclusions of existing research that ER values measured
directly on top of a rebar will be relatively lower [37,50,52]. This also validates conclusions from
previous papers that, in certain situations in which steel reinforcements are unavoidable during ER
measurements, the probe should be placed perpendicular to the rebar to minimize the effect of the
presence of rebar [54], as shown in configuration C4 in Figure 6. It can be pointed out in Table 1 that
the ER values in C4, is within the range or higher than C1, C2, and C3, all of which were placed away
from the location of the rebar. This also explains that measurements made at the test points k and
l of the concrete slab specimen 2, located away from any rebar, result to overflowing (OF) values,

which is higher than the values gathered at the shallow delamination defects (DL1) of the concrete slab
specimen 1.

4.5. Effect of Surface Saturation

Figure 11 shows the effect of instantaneous saturation of the reinforced concrete slab surface to
the measured ER, measured continuously for 50 min. It is observed that all the points considered in
this test experienced decrease in ER. For the first two minutes of the saturation, the ER of points 1O to
4O are 943.0 kΩ-cm, 1451.0 kΩ-cm, 1354.0 kΩ-cm, and 670.0 kΩ-cm respectively, which significantly

decreased to 126.3 (point 1O), 93.1 kΩ-cm (point 2O), 115.0 kΩ-cm (point 3O), and 142.0 kΩ-cm (point
4O). It can be observed that there is a sudden decrease in the resistivity values of both points for

the first 20 min of the saturations, while a gradual decrease was seen for the remaining minutes of
saturating the concerned points of the specimen. This phenomenon can be explained by the study
that the electrical resistivity has an inverse relationship with regards to the degree of saturation as
established in prior research papers [49,57,58].

Figure 11. Effect of instantaneous saturation to the electrical resistivity measured with respect to time.

In addition, the effect of delamination defects tends to decrease as the saturation time increases
(or degree of saturation increases). Figure 12 shows the relative ER (ratio of the measured electrical
resistivity at delaminated zones to the measured electrical resistivity at solid concrete) at delaminated
zones with respect to continuous surface saturation in minutes. For shallow delamination defects,
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it can be observed that there is a large decrease in ER for the first four minutes of saturation, and a
gradual fluctuating decrease for the next 20 min. For the shallow delamination defects, an increase in
relative ER is observed, closing the gap at approximately 0.8, at the end of the saturation time. It should
be noted that all the relative ER at delaminated zones only becomes nearer to 1.0 (reference for solid
concrete resistivity), but gaps are still seen.

Figure 12. Relative electrical resistivity at delaminated zones with respect to continuous surface
saturation in minutes.

The effect of the surface saturation of concrete specimens to ER should be considered in practical
engineering practice. AASHTO (American Association of State Highway and Transportation Office)
[33] and a great deal of researchers [38,49,59] show that before determining the concrete resistivity,
laboratory specimens should be fully saturated or in saturated surface dry condition. That is not the
case for field measurements, because the saturation condition of concrete is exceedingly difficult to
control. As shown in Figure 13, to reach a minimum value of 0.9 degrees of saturation, the concrete
sample should be immersed for at least six hours, five days for a degree of saturation of 0.99, and seven
days to be fully saturated. This figure also follows the trend of Figure 11 in the decline of the ER
values. At the first 20 min of the saturation of the concrete specimens, the average electrical resistivity
of the cylinder is 267.5 kΩ-cm, whereas the measured value for the concrete slab at the same time
is 215.0 kΩ-cm. Concrete being a porous material, the degree of saturation depends mainly on its
material composition and properties [49,60]. Since both the concrete slab and the cylinder have the
same concrete mixture, the cylinder can be a good basis for identifying the saturation condition of
the slab. It can be reasonably assumed that the degree of saturation of the slab after 20 and 40 min of
saturation are approximately 0.28 and 0.40, respectively, based on the ER values on concrete cylinders
at the same times. As mentioned above, it will take a couple of days before the concrete becomes fully
saturated. This is impractical and not suggested in field measurements because NDTs are done at
the day of actual inspection. It is suggested that before measuring the ER of concrete, the degree of
saturation of the large structural elements such as slabs and deck should be the same to have a more
accurate ER measurement. Having Figure 11 as reference, if engineers and maintenance personnel
decide to saturate the specimens first before measurement, the saturation time of the concrete should
be at least 20 to 30 min to significantly minimize the effect of the delamination defects. However,
in some cases where ER measurements are done right away, either through a contact sponge attached
at the electrodes of the Wenner probe device, through spraying of water on the surface, or by RABIT
for bridges, it should be taken into consideration that the delamination defects will have a substantial
effect on the concrete resistivity.
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Figure 13. Relationship between electrical resistivity (ER) and degree of saturation with respect to
saturation time of (a) 600 min, and (b) 14,400 min (10 days).

5. Conclusions

The effects of delamination defects to the electrical resistivity (ER) measurements were evaluated
in this research paper. The researchers utilized the four-point (Wenner Probe) method in determining
the resistivity of two reinforced concrete slab specimens. A numerical simulation through COMSOL
Multiphysics was also conducted to be compared to the experimental data. In general, shallow
delamination defects resulted in higher ER values, whereas probe configurations placed at deep
delamination defects caused a decline in the measured concrete resistivity, all with reference to
values gathered from solid concrete locations. In addition, the surface saturation of the concrete
specimen decreases the values of electrical resistivities and minimizes the effect of delamination defects.
The specific conclusions derived from this research are summarized as follows:

(1) ER measurements conducted in this paper are variably controlled and precise considering that
the COV computed are lower or near the values set by AASHTO TP358-15. ER values gathered
also follow a normal distribution curve, which means that the measured ER data in this study can
be represented by two statistical parameters (i.e., mean value and standard deviation).

(2) The delamination defects in this study are divided into shallow delamination and deep
delamination defects. Based on the experimental data gathered and the analysis of data
conducted, it is deduced that shallow delamination defects (with depth of 50 mm), both small
and large, contributes to a higher ER. On the other hand, small and large deep delamination
defects (with depth of 250 mm) lead to a lower measured ER. The values gathered were compared
to the ER of solid concrete. With reference to the average ER of solid concrete, the percent
differences of shallow and deep delamination range from 26.90% to 49.35% and −17.19% to
−47.19%, respectively.

(3) It is observed in this study that the size of the delamination also affects the value of ER. As the
size of the shallow delamination defects increases, the measured ER increases. On the other hand,
the size of deep delamination defects is inversely proportional with the measured ER. It should
be taken into consideration that measurements are done with the presence of steel reinforcement
that may influence the values of ER, specifically for deep delamination defects, which are located
below two layers of rebars.

(4) It was concluded from the numerical simulation and experimental studies that ER values decrease
with depth of delamination defects. For a plain concrete model, the relative ER closes to
1.0, whereas for reinforced concrete, relative ER decreases to 0.7. For the increase in size of
delamination defects, shallow delamination defects in both plain and reinforced concrete models
resulted in the increase in ER values. For deep delamination defects, the increase in size is
negligible. Limitations are found in the numerical simulation, since other concrete properties and
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environmental factors such as degree of saturation, and the porous property of concrete were not
included in the analysis. A more detailed and more systematic study of the effect of the presence
of rebars, and/or the combination of the effect of the presence of reinforcements and delamination
should be investigated both experimentally and numerically.

(5) The presence of steel reinforcement has an effect on the measurements, resulting in a lower value
of ER. Among the probe configurations used, the configuration C5, where the device was placed
directly on top of the rebar, produced the smallest ER, whereas measurements made using C4
(the probe is perpendicular to the rebar), and C6 (probe is placed diagonally to the mesh) were
within the range of the first three configurations. It can be inferred in this study that the presence
of rebar near locations of measurements leads to a lower resistivity value. Measurements done at
DL5, in which rebars are farther as compared to the points considered in shallow delamination of
the concrete slab specimen 1, have overflowing (OF), or very high measurements.

(6) It is established in this research that constant surface saturation decreases the value of ER.
It is also established in this experiment that the gap of the ER measured along solid concrete
locations and delaminated zones decreases due to the constant surface saturation of concrete.
It is recommended in this study that in actual field measurements, to minimize the effect of
delamination defects, saturation of the concrete surface should be done for at least 20–30 min.
However, for measurements that are done right away (approximately at the first two minutes),
delamination defects will greatly affect the ER measurements.
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47. Veselý, V.; Konený, P.; Konečný, P.; Pieszka, D.; Žídek, L. Electrical resistivity and ultrasonic measurements

during sequential fracture test of cementitious composite. Frattura ed Integrità Strutturale 2014, 8, 263–272.
[CrossRef]

48. Feliu, S.; González, J.A.; Andrade, C. Relationship between conductivity of concrete and corrosion of
reinforcing bars. Br. Corros. J. 1989, 24, 195–198. [CrossRef]

49. Hamed, L.; Pouria Ghods, P.; Alizadeh, A.R.; Salehi, M. Electrical Resistivity of Concrete. Concr. Int. 2015, 37,
41–46.

50. Polder, R.; Andrade, C.; Elsener, B.; Vennesland, Ø.; Gulikers, J.; Weidert, R.; Raupach, M. Rilem Technical
Committees, Rilem Tc 154-Emc: Electrochemical Techniques for Measuring. Mater. Struct. Constr. 2001, 33,
603–611. [CrossRef]

51. Alhozaimy, A.; Hussain, R.R.; Al-Negheimish, A. Electro-chemical investigation for the effect of rebar
source and surface condition on the corrosion rate of reinforced concrete structures under varying corrosive
environments. Constr. Build. Mater. 2020, 244, 118317. [CrossRef]

52. Weydert, R.; Gehlen, C. Electrolytic resistivity of cover concrete: Relevance, measurement and interpretation.
Durab. Build. Mater. Compon. 1999, 8, 409–419.

53. Millard, S.G.; Wenner. REINFORCED CONCRETE RESISTIVITY MEASUREMENT TECHNIQUES. Proc. Inst.
Civ. Eng. 1991, 91, 71–88. [CrossRef]

54. Salehi, M.; Ghods, P.; Isgor, O.B. Numerical investigation of the role of embedded reinforcement mesh on
electrical resistivity measurements of concrete using the Wenner probe technique. Mater. Struct. 2014, 49,
301–316. [CrossRef]

http://dx.doi.org/10.14359/51687981
http://dx.doi.org/10.1016/j.ndteint.2014.01.001
http://dx.doi.org/10.13140/RG.2.1.3499.8167
http://dx.doi.org/10.14359/51686725
http://dx.doi.org/10.14359/56311
http://dx.doi.org/10.1155/2017/8453095
http://dx.doi.org/10.1016/j.conbuildmat.2019.07.208
http://dx.doi.org/10.1016/S0963-8695(03)00013-6
http://dx.doi.org/10.3390/app8101986
http://dx.doi.org/10.3390/s20010201
http://www.ncbi.nlm.nih.gov/pubmed/31905886
http://dx.doi.org/10.3221/IGF-ESIS.30.33
http://dx.doi.org/10.1179/000705989798270027
http://dx.doi.org/10.1007/BF02480599
http://dx.doi.org/10.1016/j.conbuildmat.2020.118317
http://dx.doi.org/10.1680/iicep.1991.13583
http://dx.doi.org/10.1617/s11527-014-0498-x


Sensors 2020, 20, 7113 19 of 19

55. Sengul, O.; Gjørv, O.E. Electrical resistivity measurements for quality control during concrete construction.
ACI Mater. J. 2008, 105, 541–547. [CrossRef]

56. AASHTO. AASHTO Designation: T 358-15 - Standard Method of Test for Surface Resistivity Indication of Concrete’s
Ability to Resist Chloride Ion Penetration; American Association of State Highway and Transportation Officials:
Washington DC, USA, 2015.

57. Larsen, C.K.; Østvik, J.-M.; Bjøntegaard, Ø. Compilation of 5 papers on (1) Electrical resistivity as a durability
indicator and (2) Cracking tendency in hardening concrete. In Teknologirapport; no. 2482; Statens Vegvesen:
Oslo, Norway, 2007; pp. 1–67.

58. Charmchi, G. The Role of Concrete Maturity in Resistivity-Based Performance Specifications. Master’s
Thesis, University of Toronto, Toronto, ON, Canada, 2015; p. 85.

59. Chen, C.T.; Chang, J.J.; Yeih, W.C. The effects of specimen parameters on the resistivity of concrete. Constr.
Build. Mater. 2014, 71, 35–43. [CrossRef]

60. Djuric, Z.; Müller, H.S. Modelling of the saturation behaviour of cement stone during freezing and thawing
action. In Proceedings of the 9th fib International PhD Symposium in Civil Engineering, Karlsruhe, Germany,
22–25 July 2012; pp. 529–534.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

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

http://dx.doi.org/10.14359/20195
http://dx.doi.org/10.1016/j.conbuildmat.2014.08.009
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Numerical Simulation 
	Experimental Study 
	Preparation of Concrete Slab Specimens 
	Electrical Resistivity Measurements 
	Test Setup 
	ER Measurements with Various Concrete Saturation Conditions 
	ER Measurements over Various Delamination Defects 


	Results and Discussion 
	Experimental Variability of Electrical Resistivity Measurements 
	Effect of the Depth of Delamination Defects 
	Effect of the Width of Delamination Defects 
	Effect of Configuration of Wenner Probe Device 
	Effect of Surface Saturation 

	Conclusions 
	References

