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Abstract: The durability of concrete has a significant influence on the sustainability and resilience
of various infrastructures, including buildings, bridges, roadways, dams, and other applications.
Penetration of corrosive agents intensified by exposure to freeze-thaw cycles and the presence of
early-age cracks is a common cause of reinforced concrete degradation. Electrical resistivity is a
vital physical property of cementitious composites to assess the remained service life of reinforced
concrete members subjected to corrosive ions attacks. The application of steel fibers reduces the
vulnerability of concrete by limiting crack propagation, but complicates field and laboratory testing
due to the random distribution of conductive fibers within the body of the concrete. Numerical
simulations facilitate proper modeling of such random distribution to improve the reliability of
testing measures. Hence, this paper investigates the influence of fiber reinforcement characteristics on
electrical resistivity using multi-physics finite element models. Results examine modeling challenges
and include insights on the sensitivity of resistivity measures to fiber reinforcement. Concluding
remarks provide expected bias of electrical resistivity in the presence of steel fibers and endeavor
to facilitate the development of practical guidelines for assessing the durability of fiber-reinforced
concrete members using standard electrical resistivity testing procedures.

Keywords: finite element method; fiber-reinforced composites; electrical resistivity; electrical con-
ductivity; material durability; sustainable development; infrastructure resilience; reinforced concrete

1. Introduction

Durability and service life of construction materials are vital for achieving sustainable
development and infrastructure resilience [1,2]. The application of high-performance mate-
rials contributes to these goals by reducing lifecycle energy consumption and emitted green-
house gases and improving the robustness and redundancy of structural elements [3–5].
Prompt performance assessment concerning sustainability and resilience throughout the
infrastructure service life optimizes maintenance and preservation efforts and enhances the
resourcefulness of the system [6–8].

1.1. Durability of Cementitious Concrete Composites

Cementitious concrete has widespread applications in various infrastructure systems,
including buildings, bridges, roads, dams, and other structures. High energy input and
greenhouse gas emissions associated with cement production and the vulnerability of
reinforced concrete to corrosive environments emphasize the importance of durability and
extended service life of concrete members [9–14]. These characteristics are intensified for
exposed concrete members like bridge decks, road pavements, and marine concrete [15–18].
Transport properties of concrete reveal the potential intrusion of corrosive agents like
chloride ions through concrete cover and the time required for these ions to reach reinforcing

Modelling 2022, 3, 164–176. https://doi.org/10.3390/modelling3010011 https://www.mdpi.com/journal/modelling

https://doi.org/10.3390/modelling3010011
https://doi.org/10.3390/modelling3010011
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/modelling
https://www.mdpi.com
https://orcid.org/0000-0002-7618-8009
https://doi.org/10.3390/modelling3010011
https://www.mdpi.com/journal/modelling
https://www.mdpi.com/article/10.3390/modelling3010011?type=check_update&version=2


Modelling 2022, 3 165

bars and initiation of the degradation process [19–21]. Standard methods determine the
chloride diffusion coefficient for hardened concrete samples in the laboratory [22]. Electrical
resistivity is a standard practice to evaluate transport properties of new and existing
concrete having an established correlation with the chloride diffusivity [23,24]. Standard
methods allow both bulk and surface resistivity measures, where the latter is a viable
and fast approach for existing concrete members [25–27]. Further, electrical resistivity is a
suitable approach for sensor-based structural health monitoring [28].

1.2. Fiber-Reinforced Concrete

Early-age cracking and other deformations caused by structural and environmental
loadings accelerate the degradation of concrete in such exposed conditions. Hence, common
strategies to extend the service life of concrete focus on controlling crack propagation and
limiting the transportation of corrosive agents within the concrete body [29,30]. Fiber
reinforcement is an effective technique to mitigate cracking in plain and reinforced concrete
members [30–33]. In addition, randomly dispersed fibers contribute to ductility, toughness,
stiffness, and strength of concrete elements [30,34–40]. However, the conductivity of steel
fibers complicates electrical resistivity measurements. Existing literature indicates that
increasing the steel and carbon fiber contents reduces electrical resistivity [40–42]. The fiber
content influences the workability of the fresh mixture and hence, is limited to practical
ranges often presented as volumetric contents [43]. Correlating these changes results in
proposed adjustment factors as a function of fiber reinforcement characteristics, like aspect
ratio and volumetric content [42,44–46]:

r = e(a`2+b`+c)v, (1)

where r is the ratio of the measured electrical resistivity (Ω·m) of fiber-reinforced to plain
concrete, ` is the fiber length (mm), v is the volumetric fiber content (%), and a, b, and c are
regression constants.

1.3. Literature Review

Existing literature is rich in applying steel fiber-reinforced concrete to improve me-
chanical properties of concrete, including toughness and tensile strength [30]. These
applications include the benefits of steel fibers in enhancing concrete conductivity for deic-
ing purposes [47]. Fiber reinforcement may involve adding carbon and graphite powder
to achieve the desired electrical resistance [43]. A typical mixture proportioning involves
small volumetric quantities of steel fibers, say 1.5%, and more significant proportions of
carbon and graphite products, like 25%, to control the workability and consistency of the
concrete mixture [43,48]. Experimental invesgations have demonstrated the positive effect
of steel and carbon fibers on the electrical conductivity at practical volumetric ratios, like
3%, for mono and hybrid fiber applications [49]. However, You et al. (2017) has concluded
that the electrical resistivity of concrete is sensitive to variations of fiber content, material,
and dimension, considering the broad range of applied fibers in various scales from nano
to macro. In addition, the effect of fibers on mechanical properties of concrete, like compres-
sive strength, is vital for engineering applications [50]. Figure 1 displays selected observed
data indicating fiber contents and measured surface electrical resistivity of the composite
cementitious concrete materials (Table 1). The scattered observations warrant numerical
studies to understand the trends of electrical resistivity measures concerning fiber type,
content, and geometry.
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Figure 1. Surface electrical resistivity of selected experimental data [43,49].

Table 1. Selected experimental studies on the electrical resistivity of fiber-reinforced asphalt.

Reference Matrix Fibers

Cordon et al. (2020) [43] Coarse aggregate (S.G. 2.66), fine aggregate (S.G. 2.65),
cement type CPV-ARI (S.G. 2.81)

Carbon steel type AII (Tec-Machine),
0.60-mm-diameter, 30-mm-long

Banthia et al. (1992) [49] Sand–cement ratio of 0.5; silica fume/cement ratio of 0.2 Steel fibers (S.G. 7.85), 25-mm-diameter,
3-mm-long

S.G.: Specific Gravity.

1.4. Significance of the Research

This paper endeavors to address the gap in the knowledge on the viability of surface
electrical resistivity testing for steel fiber-reinforced concrete. Exiting literature appears
to lack information on the feasibility of performing electrical resistivity for steel fiber-
reinforced concrete. The significance of this research has roots in the effectiveness of steel
fiber reinforcement for enhancing the durability of concrete elements and the practical-
ity of surface electrical resistivity test as an economical means to assess the service life
of reinforced concrete. The employed analytical methodology of this research mitigates
the inherent uncertainties in the fiber-reinforcement applications and expected bias and
precisions associated with the surface electrical resistivity testing. Hence, expected re-
sults demonstrate the feasibility and reliability of experimental investigations for existing
reinforced concrete elements. Moreover, the presented methodology facilitates a broad
parametric study of fiber content and dimensions as an extension and amendment to prior
studies with limited parameters.

2. Materials and Methods

The numerical simulation in this research utilizes a multi-physics finite element model
powered by COMSOL software (Figure 2) [51–53]. An independently developed program
using MATLAB [54] specifies the random dispersion of fibers and determines the location
and direction of each fiber as input values for the finite element routine. This program
allows customization of fiber dispersion to match desired geometric forms and boundary
conditions. Existing studies indicate that the random dispersion of fibers with straight
or hooked ends within practical ranges of content and sizes typically follows a uniform
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distribution, which is the proposed model for this study [55]. The modeled prototype is a
150-mm cube with an electrical resistivity of 1.0 × 103 W·m for the homogenized matrix
and 2.4 × 10−7 W·m for fibers (Figure 3). The diameter and length of fibers vary with
aspect (length to diameter) ratios of 50 (F1) and 25 (F2) (Table 2). The finite element model
contains nearly 250 solid objects within the 150-mm cube [44].

Figure 2. The mesh of a sample finite element model, after [46].

Figure 3. Simulated fiber dispersion from (a) top view, (b) side view, (c) section view at 50-mm height,
(d) section view at 100-mm height.
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Table 2. Dimensions of fibers.

Model Length, mm Diameter, mm

F1-1 25 0.5
F1-2 50 1.0
F1-3 75 1.5
F2-1 50 2.0
F2-2 75 3.0

The model follows Wenner’s method using four electrodes at an equal spacing in
a row, with two external electrodes transmitting the specified current and two internal
electrodes measuring the electrical resistance. Equation (2) expresses the surface electrical
resistivity in Wenner’s method:

ρ = 2πsR, (2)

where ρ is the surface electrical resistance, R is the electrical resistance, and s is the distance
between electrodes. The model imposed a simulated current of 1 A/m2 at a spacing of
30 mm. The electrical potential formulation follows Poisson’s equation combining the
Gauss’ law and continuity equation:

−∇·(σ∇V− Je) = Qi, (3)

where σ is the electrical conductivity, V is the electric potential, Je is the volume of external
current, and Qi is the current at the source.

For verification purposes, a total of 15 samples containing 0.025% volumetric content of
short fibers were investigated to assure the normal distribution of fibers (Figure 4). Statisti-
cal significance levels of normal distribution using Kolmogorov–Smirnov and Shapiro–Wilk
tests were 0.2 and 0.563, respectively, both well above the 0.05 threshold indicating a normal
distribution. The skewness and kurtosis values were−0.651 and 1.11, respectively, between
an acceptable range of −2 to 2 for a normal distribution [46]. Hence, the random distri-
bution of fibers does not cause specific bias or skew in the numerical results of electrical
resistivity.

Figure 4. The normal distribution of electric resistivity values for various fiber dispersions, after [46].

Further, parametric studies indicated that changes in clear cover margin within 0, 10,
20, and 30 mm distances from the edge (Figure 5) have a coefficient of variation less than
3.2%, and hence, it has a negligible effect on modeling [46].
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Figure 5. Models with carrying clear margins of (a) 0, (b) 10, (c) 20, and (d) 30 mm, after [46].

3. Results

Electrodes transferring one ampere per square meter are spaced 30 mm at the top
surface of the concrete porotype (Figure 6). Red lines mark the passage of electric currents
through the concrete body. These lines are concentrated in the presence of fibers due to the
meager electrical resistance of the fibers compared to the concrete around them, indicating
higher conductivity in those regions (Figure 7). Traced flow lines confirm the physical
science understanding that the electrical current is passing through the lowest resistance
path disregarding the dispersion of fibers. Hence, deviation of fiber dispersion from a
uniform distribution due to gravity forces and hydrostatic pressures at concrete depth does
not significantly influence the surface electrical resistivity.

Figure 6. Electrical conductivity lines in the simulated model.
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Figure 7. Current density in the proximity of conductive fibers.

An increase in fiber content causes a reduction in calculated surface electrical resistivity
(Figure 8). The reduction rate is sensitive to the aspect ratio and the size of fibers (Table 3).
Prototype group F1, having a higher aspect ratio than prototype group F2, has higher
decline rates in electrical resistivity due to an increase in fiber content. However, the
changing trend with fiber size variation is more complex, as fiber size influences the
number of fibers. So, it is essential to include multiple variables for a conclusive regressive
function.

Figure 8. Trends of normalized electrical resistance for different percentages of fiber content.

Table 3. Regression results for surface electrical resistivity.

Model Exponential Rate of Decline Coefficient of Determination

F1-1 −0.994 0.9435
F1-2 −1.47 0.9429
F1-3 −0.898 0.9515
F2-1 −0.400 0.8984
F2-2 −0.571 0.8539
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4. Discussion

An examination of numerical results proves that a revised model of the Equation (1)
better presents the surface electrical resistivity of fiber-reinforced concrete:

RFRC = RPCe(pv `
d +q), (4)

where RFRC and RPC are the measured electrical resistivity (Ω·m) of fiber-reinforced and
plain concrete, respectively, ` is the fiber length (mm), d is the fiber diameter (mm), v
is the volumetric fiber content (%), and p and q are regression constants. Figure 9 dis-
plays the curve fitting surface for measured data with RPC of 1105 Ω·m, and p and q are
−0.0214 ± 2.02 × 10−3 and 0.0556 ± 2.70 × 10−2 for 95% confidence bounds, respectively.
The proposed fitted curve suggests that the reduction of surface electrical resistivity is
negligible for small fiber contents, say 0.1%, or small aspect ratio, say two, disregarding
other parameters (Figure 10). However, high fiber contents and large aspect ratios warrant
an adjustment in the measured value using the proposed model. The error in predicted
surface electrical resistivity is typically between −20 and 10% of the measured value for
plain concrete (Figure 11). This range falls within the 21% tolerance for bias per standard
methods [26]. Further, Figure 12 and Table 4 compares experimental values (Figure 1)
and the numerical results of the presented study. This comparison qualitatively confirms
the matching trends in reducing electrical resistivity with increasing fiber contents. The
quantitative interpretation of results relies on the large tolerance specified by standard
methods, like the specified 21% by AASHTO T 35 [26], considering the significant bias
expected in experimental methods.

Figure 9. The electrical resistance for different percentages of fiber content.
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Figure 10. The surface electrical resistance (Ω·m) contour map for the proposed fit.

Figure 11. The residuals plot of surface electrical resistance (Ω·m) for the proposed fit.

Table 4. Formula of trends in (Figure 12).

Source Exponential Rate of
Decline

Coefficient of
Determination

Cordon et al. (2020) [43] −0.679 0.7606
Banthia et al. (1992) 1-day [49] −0.371 0.9119
Banthia et al. (1992) 7-days [49] −0.452 0.9275
Banthia et al. (1992) 28-days [49] −0.461 0.9669

F1-1 −0.994 0.9789
F1-2 −1.47 0.9800
F1-3 −0.898 0.9752
F2-1 −0.45 0.9636
F2-2 −0.608 0.9035
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Figure 12. Comparison of the results of numerical and experimental experiments [43,49].

5. Conclusions

The conductivity of steel fibers influences the measured electrical resistivity of concrete.
The number, length, and diameter of fibers interact to influence the electrical properties of
fiber-reinforced concrete. Long fibers bridge over the cementitious matrix of concrete to
transmit electrical current. Large diameters also increase the conductivity, making the effect
of aspect ratio nontrivial. Further, the application of larger fibers in length or diameter
reduces the total number of fibers at a constant fiber volume content.

Moreover, inherent uncertainties in the distribution of fibers throughout the concrete
body warrant performing numerical simulations to address potential errors in experimental
and practical measurements. Presented numerical simulations in this study indicated that
aspect ratio and fiber volume contents could describe the surface electrical resistivity of
fiber-reinforced concrete with an acceptable level of confidence. The proposed regression
model incorporated improvements in the prediction equation.

Validation of presented results is limited to the availability of experimental results
for verification purposes and computational challenges concerning the model dimensions.
Hence, results warrant further studies to render comparisons with empirical data and
broaden the range of parameters like the aspect ratio for extended model application.
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