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Abstract: Corrosion study of conventional reinforcement in concrete has been accorded wider
importance in the last few decades based on the losses occurring in monitoring concrete structures. It
is well known that the presence of chloride ions is one of the most significant factors contributing
to the corrosion of reinforcing steel. Practically, it is observed that in the marine environment, the
activating substances such as chlorides that penetrate the steel can counteract the passivity locally
when the electrolyte is highly alkaline. The concrete cover is changed chemically when chloride
ionspenetrate into the material, whereupon the pore solution is neutralized. Based on numerous
studies, it is evident that steel fibers and glass fibers have less impact on cracked sections in a chloride
environment and can oppose chloride infiltration. Glass fibers, when exposed to repeated freeze
and thaw conditions, protect the passive layer. This review article highlights the corrosion behavior
of reinforced concrete involving various factors such as cracking behavior, transportation, electric
conductivity, resistivity, and diffusion of chloride ions in the presence of steel and glass fibers.
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1. Introduction

Reinforced concrete structures are designed to withstand heavy loads even over long
durations of time [1]. However, one of the most common phenomena that can adversely
affect the durability of concrete is corrosion [2]. The two major reasons that generally lead to
corrosion when reinforced concrete is exposed to the marine environment are carbonation
and chloride attack [3]. The rate of corrosion in the propagation period can be described by
the relative humidity in the concrete and the mean temperature of the structure [4]. About
18% of total service life can be expected in concrete flexural members in which corrosion-
induced concrete cracking occurs when subjected to a marine environment. In addition,
due to corrosion-induced excessive deflection, flexural members become unserviceable.
Chloride ions attack the concrete surface, and due to the repeated wetting and drying
mechanism, chloride ions are dispersed into the surface, reducing the alkalinity of the
pore water, and ferrous oxides tend to form pits on the reinforcement [4]. Pitting corrosion
further leads to the spalling of concrete and leads to the formation of cracks on the surface
of the concrete. The slow process of crack width expansion results in the deterioration
of concrete structures [5]. In the marine environment, transportation of chloride ions
proceeds in the order of capillary suction, absorption, permeation, and diffusion until local
depassivation occurs [6]. Many researchers report that the capillary suction mechanism
is a major source of chloride ions entering concrete, especially in the case of saturated
concrete [7-13]. The thickness of the concrete cover that is exposed to the water surface has
an adverse effect on the capillary suction and the highest values of chloride ion presence
are found just above the water surface In water that contains chloride, chloride ingress is
accelerated by repeated wetting and drying of the concrete [14]. Chloride values must be
above the critical threshold value that depends on concrete cover and moisture content to
reduce corrosion at the rebar level [15]. The chloride resistance should be improved upon
for the concrete and passive film on the reinforcement to resist electrochemical reactions and

Fibers 2022, 10, 38. https:/ /doi.org/10.3390/fib10050038

https://www.mdpi.com/journal/fibers


https://doi.org/10.3390/fib10050038
https://doi.org/10.3390/fib10050038
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fibers
https://www.mdpi.com
https://orcid.org/0000-0002-7184-5997
https://doi.org/10.3390/fib10050038
https://www.mdpi.com/journal/fibers
https://www.mdpi.com/article/10.3390/fib10050038?type=check_update&version=1

Fibers 2022, 10, 38

20f19

to control the corrosion process [16]. The effect of chloride ions on steel corrosion in concrete
is kinetic rather than thermodynamic. The passive coating is broken down by chloride
ions, and corrosion continues without further chloride effect, according to a simplified
perspective [17]. Fibers were added to conventional concrete to improve the mechanical
properties in controlling the corrosion characteristics such as crack formation [18]. Over
certain periods of time, fibers were increasingly introduced in pavements, slabs, and many
structural components due to their extensive advantages [19]. The inclusion of fibers is
considered the most effective technique for controlling corrosion and reducing chloride
ion diffusion. Kakooei et al. mentioned that the presence of fibers in concrete reduced
permeation and concrete cracking [20]. Further, the length and properties of fibers also
have an impact on controlling corrosion to a large extent [21]. The bond-slip behavior
in concrete also tends to show an significant change in the presence of fibers [22]. The
different types of fibers are shown in Figure 1.
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Figure 1. Types of fibers [23].

This literature review focuses on the impact of steel and glass fibers on the process of
chloride-induced corrosion. Data from experimentation and published research on steel
and glass fibers in concrete have been analyzed.

2. Effect of Fibers on Concrete Cracking Behavior

Early research on fiber-reinforced concrete (FRC) focusing on adopting short-length
fibers in concrete to test the tensile strength and to control effective cracking [24] has
been highlighted. The need to continue the research on the study of mechanical prop-
erties and fracture characteristics of concrete has been discussed in detail. According to
Furlan et al. [25], beams with fibers have a closely packed cracking pattern which has the
same pattern of failure when compared with beams. The addition of 2% fiber to the concrete
can reduce the intense diagonal cracking of the beam. Figure 2 shows the types of failures
that a beam can undergo for different quantities of fiber content. Fracture parameters such
as fracture energy and toughness can affect the crack behavior during the addition of fibers,
even at very low volumes, as shown in Figure 3 [26]. As per the study by Lim et al. [27],
beams with steel fibers under four-point loading exhibited a failure mode from shear to
flexure with an increase in fiber content, resulting in the elimination of spalling of concrete
during the post-cracking stage by holding the matrix together. Thus, an optimal amount of
steel fiber matrix can result in a reduction in stirrups and control shear cracking.
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Figure 2. Failure type based on the quantity of fibers [28].
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Figure 3. Crack behavior of plain concrete and fiber-reinforced concrete [29].

In a study by Bernardino et al. [30], fiber-reinforced concrete containing steel and
polypropylene fibers was tested for failure and a load—deflection curve was generated. It
was found that under flexure, load-deflection and load crack mouth opening exhibited a
linear variation. In another study by Qi et al. [31], the plastic shrinkage cracking response
of fiber-reinforced concrete was analyzed using image analysis. The study states that when
the fiber volume increases, the plastic shrinkage cracking width is reduced, and further, the
size of the fiber can also affect the crack width [32]. Many studies are in agreement that the
presence of fiber content in concrete can resist cracking and can also reduce the crack width.
With the increase in fiber volume, the failure mode of the concrete changes from shear
to flexure, resulting in an increase in the crack formation time [33-39]. The mechanisms
of cracking in concrete materials have posed a constant challenge, and we have not yet
attained a reasonable level of understanding of these mechanisms. Because cementitious
materials are complicated, this lack of understanding is due to the lack of knowledge on
the subject. As a result of its unique ability to capture fracture energy in real time, acoustic
emission (AE) monitoring has been attracting growing interest over the last few decades.
As a result of an aging and failing civil infrastructure network throughout the world, this
has occurred. As seismology-based AE methods for monitoring and characterizing cracking
mechanisms in concrete structures, the qualitative b-value analysis and the quantitative
moment tensor inversion (MTI) approaches are introduced by Mhamdi [40].
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3. Impact of Fibers on Electric Resistivity

One of the major techniques that have been developed for the corrosion assessment of
reinforced concrete is electric resistivity. The ratio of the applied potential difference to the
current produced is the electrical resistivity. A cell constant is multiplied by the value. The
resistivity of a substance varies substantially depending on its properties. The geometric ties
of a material have no effect on its resistivity. Standard testing procedures and equipment are
used to determine electrical resistance in practical situations [41]. The electrical resistivity
of the material is computed by multiplying the obtained value by the cell constant. The
cell constant depends on the testing apparatus. The two factors that influence the electrical
properties of concrete are chloride ingress and moisture. Resistivity is usually expressed
in ohm-meters (ohm m). Intrinsic factors that influence the electric resistivity are porosity,
water-to-cement ratio, quality of aggregate, and pozzolanic material used [42]. Moisture
and chloride contamination can alter the electrical resistivity of concrete. The change
in electrical resistivity with increasing moisture content was markedly decreased after a
particular moisture level was attained, indicating a lesser symptom. Furthermore, the
electrical resistance of concrete contaminated with more than 19.2 kg/m? of chloride ions
by weight of concrete does not change with moisture content, showing that high chloride
concentrations can considerably accelerate the reinforcement corrosion even in near-dry
concrete [43]. Usually, corrosion is formed due to electrochemical reactions, and the rate of
influence may vary depending on the electric resistivity of the concrete. On any structure,
the electrical surface resistivity of concrete can be tested nondestructively. The resistance is
measured by placing electrodes on the surface, and the resistivity may be computed using
cell geometry. Low resistivity is generally associated with a significant risk of corrosion [44].
In a study by Lakshminarayanan et al. [45], the galvanostatic charging approach was used
to determine concrete resistivity, which was proposed and tested for a variety of concrete
mix proportions and cover thicknesses. The resistivity varies as a hyperbolic function of
the amount of curing days, according to their findings.

Sbartai et al. [46] have demonstrated a radar direct wave technique to assess the
correlation of electric resistivity with physical conditions of concrete, and the technique has
shown that radar wave signals are highly affected by the moisture content and chloride
ingress, which in turn affects electric resistivity, increasing the corrosion of reinforcement
in concrete. In accordance with the experimental link between diffusivity and resistivity,
the electrical resistivity of concrete can be used as a durability indicator, as well as for
quality control and rapid classification of concrete. Resistance measures, when combined
with chloride diffusivity readings, can be used to indirectly modify chloride diffusivity.
It is important to emphasize that the association was found for saturated specimens at a
temperature of 20 °C. The changes in moisture levels and temperature could culminate
in incorrect results [47]. Electrical resistivity measurement for concrete materials shows
potential as a quality control and performance assessment tool. If the necessary geometry
variables are applied, both the uniaxial and Wenner probe approaches produce reliable
results. The uniaxial approach is useful for assessing concrete samples or drilled cores, but
the Wenner probe method is preferable for on-site evaluation. Changes in the temperature
and characteristics of the pore solution during the rapid chloride penetration (RCP) test are
mostly responsible for the nonlinear relationship between electrical resistivity and RCP
values. For quantification, a link between electrical resistivity and diffusion coefficient
would be more acceptable [48]. A typical test setup for the electric resistivity is shown in
Figure 4.
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Figure 4. Typical electric resistivity setup, image sourced from [49].

4. Chloride Ion Diffusion in Cracked and Uncracked Concrete

It is presumed that the capillary porosity of uncracked concrete is responsible for
chloride ion diffusion. Diffusion decreases as the w/c ratio decreases and the cement is
totally hydrated in concrete. In contrast, cracks in concrete have the potential to significantly
alter the diffusion coefficient. Many researchers have suggested that numerous parameters
such as crack width, crack depth, and atmospheric conditions have an impact on the
diffusion of concrete. This has been proven through observations [50]. As previously
indicated, problems related to chloride penetration may be enhanced in the presence of
cracks, which is a burden in any case. The results of these experiments will be presented in
this section, which will be of great interest to investigators of reinforced concrete under the
combined effects of cracking and chloride ingress, as illustrated in Figure 5.
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Figure 5. Average chloride concentration in concrete influenced by crack quantity [31,51,52].

Researchers conducted an electron probe microanalysis on a chloride-exposed speci-
men to determine the penetration depth and chloride ion concentration. They concluded
that increasing the water-to-cement (w/c) ratio results in a higher penetration rate of
Clions, not only from the exposed surface but also from the area surrounding the cracks as
well as from the exposed surface itself. For the most part, the penetration depth of the frac-
ture surface is equal to or slightly greater than the penetration depth of the exposed surface,
especially at higher w/c values of 0.45 and 0.65, according to conventional wisdom [51].
According to Kobayashi et al. [52], the chloride proofing of concrete with fine cracks can
be improved with a reduced w/c ratio and desirable fiber content. Hansson et al. [53], in
their study of chloride ion penetration in a cracked beam using different types of cement,
have concluded that steel that is protected beneath the high-performance concrete (HPC)
from macrocell and microcell corrosion compared to ordinary Portland cement concrete
(OPCC). LPR test results have shown that the current density of HPC is 3 times lower than
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that of OPCC. An increase in cement content can decrease the mean penetration depth
of chloride ions as chloride ions can bind to the cement matrix [54]. In the accelerated
migration test, the chloride diffusion coefficient in cracked concrete and its relationship
with crack width are determined [55]. In half-cell potential testing, increases in crack width
have a nonlinear relationship with the corrosion length on implanted steel, but a versatile
agreement between local and field investigations is still needed [56].

In a study by Ye et al. [57], a simplified method other than Fick’s second law is defined
to determine the chloride content in concrete, and the method explains the relationship be-
tween the crack width, crack pattern, and interface of the transition zone of the aggregates
and the cement. An equation was proposed to define the chloride diffusion coefficient.
The steel-concrete interface can change the cast steel behavior under loading to act as
passive or active for the same concrete covers, and the chloride diffusion coefficient can
also affect the severity of the exposure environment [58]. In a study by Otieno et al. [59],
parallel experiments were conducted, and the corrosion behavior of concrete in the marine
environment was identified by keeping one variable constant and interchanging the remain-
ing variables. This research summarizes that corrosion rate increases with a considerable
quality of the binder and a desirable water-to-cement ratio along with the severity of the
exposure environment. The chloride ion diffusion techniques are mentioned in Figure 6.
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Figure 6. Chloride ionmeasurement techniques [4,53,60-66].

Impact of Fibers on Chloride ion Diffusion in Cracked Concrete and Uncracked Concrete

In an earlier study of chloride ion diffusion in fiber-reinforced concrete by Mangat
and Guruswamy (1987) [67], uncracked and flexural cracked specimens were tested in
the laboratory and in the marine tidal environment to measure the chloride ingress of
the embedded steel in the concrete for a duration of 1250 days. The research found
that the fibers in the concrete have an impact on the crack width, which reduces the
chloride ion penetration into the concrete. EIMaaddawy (2006) [68] investigated concrete
corrosion activity and chloride-induced cracking of concrete using fiber-reinforced polymer
(FRP) wraps. Cylindrical specimens were tested under an accelerated corrosion test, and
applied potential and wrapping and unwrapping of the FRP were taken as test variables.
Parameters determining chloride and corrosion severity were measured; the mass loss of
steel and circumferential expansion were also measured. The test results revealed that FRP
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wrap inclusion decreased current, mass loss, and circumferential expansion compared to
unwrapped specimens and reduced the risk of corrosion. The research is in agreement
with a work by Soudki (2007) [69], in which CFRP laminates were introduced to reduce the
chloride ion diffusion. Another study, by Banthia (2007) [70], which has concentrated on
enhancing the durability of concrete by introducing fibers has stated that fiber introduction
can reduce the shrinkage cracks and permeability of concrete, which can increase the life
and serviceability of the concrete.

Abbas et al. [71] recommended a rapid chlorine migration test (ASTM C1202-10) to
assess the chloride resistance of uncracked fiber-reinforced concrete specimens. It was also
necessary to utilize Fick’s second rule in order to obtain the chloride diffusion coefficient.
Both the chloride diffusion coefficient and the charge of the FRC samples were found to
be lower than those of the RC samples in this study. This was attributed to FRC’s ability
to control microfractures during curing and handling, which was made possible by the
presence of fibers [72]. In general, fiber reinforcement retards the start of reinforcement
corrosion-induced cracking [73,74]. The fiber-matrix interface may be critical in this process,
resulting in uncracked FRC. In general, fiber matrix lowers the corrosion expansion in steel
bars. As a result, the fiber-matrix contact is considered to be denser and more uniform
than the interface between normal steel rebars and the matrix, hence preventing hazardous
solutes from entering the fiber-reinforced concrete (FRC) [75]. If a significant amount of
calcium hydroxide exists at the fiber—-matrix contact, it is possible that chloride binding will
be enhanced. Significant damage at the fiber—matrix contact would result in a progressive
and localized decrease in the cross-section of the fiber as a result of corrosion. Sahmaran
(2007) [76], in his study on the transportation mechanism of chloride ions in engineering
cementations composites (ECCs), used 2% fiber content and employed salt ponding, i.e.,
immersion of the specimen in the NaCl solution, as a testing method. Research reveals that
ECC specimens tend to reduce chloride diffusivity, due to the presence of a tight cracking
pattern. Another study by Sahmaran (2009) [77] evaluates the durability performance of
microcracked ECCs. Microcrack introduction caused capillary suction of water and chloride
ion diffusion. Bhargava (2008) [78], in his study, investigated the permeability of fiber-
reinforced concrete, adopted a method of applying compressive stress on the specimen,
and predicted models for the permeability coefficient and chloride diffusion coefficient.
According to the findings of the research, when compared to plain reinforced concrete, fiber-
reinforced concrete under compression demonstrates a reduced permeability up to a certain
threshold value. When the permeability of plain concrete exceeds a certain threshold value,
it grows at a faster rate than that of fiber-reinforced concrete. Kakooei et al. [20] introduced
polypropylene fibers in concrete and investigated the corrosion characteristics. Apart
from improving corrosion resistance, the presence of polypropylene fibers minimized the
permeability, volumetric expansion, and contraction of concrete, reducing the probability
of cracking. Liu et al. [79] conducted research on calculating the chloride ion diffusion in
glass- and polypropylene-fiber-reinforced concrete by establishing a model considering
the interfacial transition zone of aggregates and voids due to fiber addition. The diffusion
coefficient of concrete with glass fiber is lower than that of concrete with polypropylene
fibers and a combined fiber matrix. Soylev [80] studied the durability of concrete with
low-volume glass, polypropylene, and steel fibers. Results show the long-term exposure of
the glass and polypropylene fibers has a risk of chloride ion permeability compared to steel
fibers at a 0.45 w/c ratio.

Akhavan (2013) [81] used electric impedance spectroscopy (EIS) to evaluate the ion
diffusivity of a cement matrix. Evaluated results and the theoretical justification indicate
that the chloride diffusion coefficient has no direct relationship with the crack width
and linearly changes with the volume fraction of cracks. Ramli et al. [82] studied the
durability properties of concrete using coconut fibers, and experimental results from the
study reveal that fiber introduction restrains crack development and can suppress chloride
diffusion. The most optimal volume of fiber should not be more than 1.2% according
to the study, and this may be due to the degradation of fibers. Berrocal [83] evaluated
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corrosion using the half-cell potential values for the cracked section with fibers. After
17 weeks of exposure, corrosion was severe, and crack width was monitored regularly. Niu
(2019) [84] experimentally investigated the chloride permeability of basalt-polypropylene
fiber reinforced concrete; the study reveals that fiber distribution in the concrete tends to
form a three-dimensional system, and at low fractions (<0.15%), the chloride diffusion
coefficient is reduced, reducing the formation of microcracks and capillary suction of pore
water. This research is in line with study of Guo et al., where only basalt fibers were
adopted. Finally the chloride diffusion coefficients of the FRC samples were found to be
lower than those of RC samples.

5. Chloride-Induced Corrosion of Fibers Incorporated in Reinforced Concrete (RC)

In general, concrete deterioration can be attributed to a range of physical, chemical, or
mechanical processes that frequently act in concrete [85]. Corrosion of steel reinforcement
is one of the most common deterioration mechanisms that occur in reinforced concrete
structures and structures made of steel. During an electrochemical reaction, charge is trans-
ferred from the anode to the cathode, resulting in corrosion. An effective passive coating
protects steel surfaces from corrosion when they are exposed to the alkaline environment of
hydrated concrete in the majority of situations [86,87]. However, due to chloride infiltration
or carbonation, this passive coating might deteriorate, resulting in active corrosion, as
shown in Figure 7.

Cr, 05, H,0 Ne'. K", Ca* )
— oncrete
Vol e o

o]

Passive film

Figure 7. Corrosion of steel bar in concrete [88-90].

Because corrosion occurs in two unique phases, it can be examined in terms of two
phases: the corrosion initiation phase and the corrosion propagation phase. Typically, the
initiation phase refers to the amount of time it takes for external aggressors to start their
attacks. As a result of the penetration of the reinforcing steel into the concrete, the steel
will become depassivated. Steel reinforcement is corroded during the propagation phase,
reducing the structural integrity and making the structure less safe. Figure 8 shows the
service life of a structure as a function of its age, in accordance with the design of Tuutti [4].
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Figure 8. Tuutti’s service life model [91].

Additionally, the existence of cracks has a significant effect on the corrosion process
in concrete at both the start and propagation periods; given the fundamental difference
between the cracking processes in FRCs and ordinary concrete, it is logical to assume that
the deterioration mechanisms are similarly distinct [92]. Assuming that these fibers are
particularly vulnerable to external agents, substantial degradation would be expected when
exposed to harsh conditions. Fibers that were only a few millimeters deep showed evidence
of corrosion, but those that were fully embedded in concrete remained undamaged. This has
been validated and documented by various researchers [93-98]. Furthermore, substantial
rust stains on the concrete surface are often accompanied by the corrosion of superficial
fibers, which can be seen in some cases at an early age of exposure [99-102]. This could be
a problem if steel fibers are to be used in concrete elements that will be on display for the
whole of their service lifetime [103-105]. The depth at which fibers are rapidly corroded
is generally less than 10 mm, as shown in Table 1, regardless of other parameters such as
environmental abrasiveness and exposure period.

Table 1. Depths at which corrosion affects the fibers in the concrete.

W/C Concrete Depth (mm) Exposure Time Details Reference

0.46 1.6 5 years 0.2 kg/m? of NaCl applied once a week Lankard et al. [106]

0.75 6.4 325 days At the CoastaI. ambient temperature, Hanant et al. [107]

combined exposure

0.60 3 12 months Containing 35 g/L NaCl on a weekly basis Granju et al. [108]

0.40 2 130 days Experiment with a 10% NaCl Corinaldesi et al. [72]
aqueous solution

0.6 6.4 6 months Flow device for specimens that are only Rider et al. [109]

half-submerged in seawater.

0.44 32 67 days CaCl, salt solution that is 5% by weight in Aitcin et al. [110]
the fog chamber

0.78 1 7 months Containing 35 g/L NaCl on a weekly basis Balounch et al. [111]

It is critical to remember that the deterioration process in fiber-reinforced concrete
(FRC) is significantly influenced by the type of fiber used. While steel fibers are unquestion-
ably susceptible to corrosion, some researchers concluded that the presence of milliscale
features on the surface of steel fibers increases their corrosion resistance [112]. After being
subjected to a wide range of environmental conditions, including freshwater and marine
environments, for periods ranging from 7 to 24 months, the durability of FRC reinforced
with steel and macrosynthetic fibers was examined in pre-cracked specimens [112-114].
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The synthetic fibers themselves have been shown to be exceptionally resilient in a variety
of conditions, both freshwater and marine. With a crack diameter of 0.20 mm, corrosion
caused significant damage to the steel fibers in the specimens tested. The formation of
pits in the crack bridging zone of steel fibers, as well as deformed sections, results in
a large reduction in the cross-section of the fibers, as well as a significant reduction in
residual tensile strength. Additionally, some study has revealed that steel fibers coated
with an inhibitor such as triethanolamine could be used to address the steel fiber corrosion
issue in FRC, which could be beneficial [115,116]. Moreover, it has been discovered that
FRC specimens composed of glass fibers with crack widths less than 0.1 mm are more
corrosion-resistant in a marine environment [117]. The corrosion resistance of FRC was
investigated in another study using two different types of fibers: glass fibers and low car-
bon steel fibers. After one year in the marine environment, glass-fiber-reinforced concrete
(GFRC) demonstrated negligible corrosion, whereas low carbon steel reinforced concrete
(LCSRC) exhibited significant corrosion [118]. The improved corrosion resistance of steel
fibers and low carbon steel fibers may also be due to the zinc coating applied to their
surfaces. It has been shown that corrosion of steel fibers in FRC can also increase their
roughness, which can improve the frictional interaction between the fibers and the matrix,
hence enhancing the residual tensile strength of the material [119-121]. In some cases, the
structural performance of concrete samples has been employed as an indirect method of
measuring the corrosion resistance of steel fibers. As a result, steel fiber reinforcement
has been credited with a better level of corrosion resistance due to the absence of harmful
effects on structural integrity after prolonged exposure to corrosive conditions, as noted by
a large number of researchers [119-126]. However, conventional carbon-steel fibers break
down when surface cracks appear. In a number of studies, a critical crack width has been
said to be the point at which fibers flowing through the cracks cannot be corroded. This
important crack width appears to be very dependent on the type of fiber used. On the
other hand, Mangat and Gurusamy [127] investigated the long-term seawater sustainabil-
ity of SFRC in both cracked and uncracked concrete specimens. For the experiment, the
researchers used low carbon steel fibers and melt-extract steel fibers, and they recreated
coastal conditions by spraying seawater on specimens in a curing chamber twice a day for
24 h. Low carbon steel and melt-extract steel fibers bridge the gaps of 0.24 and 0.94 mm
width, and a small amount of corrosion was observed after 450 days of exposure to air
and water. Nemegeer et al. [128] created 0.2 and 0.5 mm wide cracks in 100 mm cube
specimens built of fiber-reinforced concrete (FRC) using low carbon and zinc-coated steel
fibers. According to their findings, after 18 months, the greatest corrosion depth on the
fibers was 16 mm in one localized area, and fracture widths up to 0.5 mm would have no
detrimental effect on corrosion. Granju and Balouch [108] obtained equivalent findings
by pre-cracking specimens in a three-point bending arrangement to create a crack mouth
opening of 0.5 mm using a 100 x 100 x 500 mm specimen. The study concludes that even
after a year of exposure to a hostile marine-like environment, specimens with cracks left
open during the exposure period gained strength at both the peak and post-peak stages.
Based on their findings, they concluded that the most reasonable explanation for this
behavior was an improved link between the fibers and the concrete matrix as a result of
the moderate corrosion that had been discovered on the fiber surfaces. With the exception
of the zinc-coated fibers, the flexural behavior was observed to be embrittled in all the
samples. Table 2 provides a concise overview of the influence of fibers on the corrosion of
steel reinforcement in concrete.
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Table 2. An overview of experimental investigations on the corrosion of rebar in fiber-reinforced concrete.

Type of Fiber .
(Aspect Diameter/ Phase
Rati P W/B Exposure Period Pre-Cracking Cover . Effect Authors
atio-Content Thickness Investigated
(% Volume))
al ) Concrete 3% é\Ta(;l so(l:. + ilirying
a -1. under 20 °C an % . - . .
Steils ((gé)_ %_755)) g;g R?i V\?ith 3V Dgo g 52 weeks No 12/25 Propagation Positive Mihashi et al. [111]
voltage cyclic wetting
3
Steel Concrete .3 k(;g/ m Il\;a}? ! S h and
(zinc-coated) 0.55 mixed-in +d -hour 6 months No 10/25 Initiation Positive Sonit(e‘ 1212%
(60-1.5) OPC wet-dry aeki [129]
cycles
Concrete . . . . e
Cyclic ponding with . Fixed load Sus- Initiation .
Steel (65-0.5) gﬁg Y3_ 5°/fNac1 ;0’01_ Notprovided | "** /Dynamic 14/25 Propagation Unclear Nis et al. [86]
Mortar Immersion in a Initiation Unclear
Steel (50-4.5) 0.45/0.55 solution of 3.5% NaCl 7 months No 9.52/32.7 Propacation Positive Grubb et al. [130]
OPC with water Pag:
Glass fiber 3430;812 wetztiiagyisn(;f,fz;:ilcaCl Not ided Fixed load 9/20 P . Positi Haraishi et al. [131
(1000-1.5) OPC solution + 5 days of otprovide sustained ropagation ostuve araishi et al. [131]
drying at 60% RH
3 days of cyclic
Concrete immersion in 10% Initiation Matsumoto et al.
Steel (57-1.0) 0.65 NaCl + 95 weeks No 19/25 Propacation None [37] :
orcC air drying at 55% RH bag :
for 4 days
Steel (55-1.0) Concrete 16.5% NaCl sol for
Glass (90-0.5) 0.44 cyclic ponding for 2 660 davs No Not Initiation Unclear Kim et al. [132]
Polypropylene O.P C weeks, then air drying Y provided Propagation None T
(45-0.75) for 2 more weeks
Carbon Concrete 0.5 Immersion in 0.5 N Initiation Unclear Hou and Chun
(330-0.35) Admixtures NaCl sol. 25 weeks No 9.52/342 Propagation Negative [133] 5
3 days of cyclic
. Concrete immersion in 3.5% . e e
S 05 soweds - Dedlond s Iaion gy Sppskitprion
e OPC air drying at 55% RH Pag :
for 4 days
Steel (80-1.0) Concrete 3.5 days of cyclic
PVA (300_1' 5) 0.45 wetting in a % NaCl 141 days No 16/52 Propagation Positive Maalej et al. [135]
’ OPC + FA sol. + 8V DC drying
Polyethylene Mortar % NaCl sol. + drying
o 0,
(500_115) 0.45 at .20 C and 60% RH 60 weeks Yes 13/20 Propagation Positive Ahmed et al. [136]
Basalt fiber OPC + SF with 3V DC voltage
(80-1.5) cyclic wetting

OPC: ordinary Portland cement, FA: fly ash, SF: Silica fume.

6. Steel Bars in FRC Are Susceptible to Corrosion

Steel-fiber reinforcing bars cannot currently be used in the majority of civil engineering
constructions, despite the fact that their use is increasing and they have already proven to
be effective in structural reinforcement applications such as pre-cast pre-stressed beams and
tunnel lining segments. It has been observed that fibers are used as secondary reinforcement
in a variety of situations. According to Arya and Ofori-Darko [137], the influence of crack
space and frequency of cracks on reinforcement corrosion has been investigated. The
experiments were carried out with beam elements. The cracks on each beam were created
by inserting shims into the concrete to produce a varying number of uniformly spaced
and parallel-sided fractures. They were 40 mm in depth and varied in breadth depending
on the amount of cracking present, with the cumulative crack width of each beam being
2.4 mm. The beams were maintained in a sealed atmosphere with a relative humidity
of 90% and a temperature of 200 °C for the length of the experiment. NaCl solution of
3% was applied to the beams once every month for the first 28 days following casting in
order to promote corrosion. Berrocal et al. [138] investigated the feasibility of employing a
relatively new technology, distributed optical sensors based on optical frequency domain
reflectometry, to detect cracks in concrete structures. Eight reinforced concrete beams were
designed for this experiment. Two beams were used as control. Electrical strain foil gauges,
optical fiber sensors, and DIC were used to measure the remaining six beams. Two of the
beams were loaded monotonically to failure, while four were loaded cyclically. Based on
the experiments, it was concluded that higher corrosion levels of bars were observed in
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plain concrete compared to fiber-reinforced concrete based on gravimetric measurements,
and a more distributed corrosion pattern was observed in FRC. To determine the effect
of two distinct forms of fiber reinforcement on the corrosion of traditional reinforcement,
Kobayakawa et al. [139] carried out a series of experiments with two different types of
fiber reinforcement, namely polyethylene (PE) fibers and steel fibers. Beam specimens
made with these fibers, as well as specimens made with plain mortar and reinforced with
a single steel bar, were subjected to wet-dry cycles in a solution containing 3% sodium
chloride. When soaking was allowed for longer periods of time, the corrosion was further
accelerated by applying a 3 V potential with an impressed current created by a DC power
unit difference. Using current measurements and Faraday’s law, it was predicted that
polyethylene fibers would reduce corrosion.

Yoon et al. [140] studied the influence of differentloadlevels and sustainedloads on the
corrosion of reinforcement in fracturedconcretemembers. To guarantee the stress transfer in
structural applications, a sufficient bond betweenstrain-hardeningcementitious composites
and steelrebarisnecessary. Due to the well-controlledsplitting cracks, the result shows
that high-strength SHCC can bond muchbetterwithdeformedsteelrebarsthanordinarycon-
crete and high-strength SHCC matrix (withoutfibers). A numericalapproach has been
proposedwhich can beused for the design of reinforced SHCC elements and structures.
Vidal et al. [141] studied the corrosion process of reinforced concrete beams that were
exposed to salt fog for a period of 17 years. Every six months, the beams were tested for a
range of parameters, including corrosion-induced fracture maps, chloride concentrations at
the reinforcement level, corrosion distribution along the rebar, and mechanical performance.
A full-scale beam element with longitudinal and shear reinforcement was used in this study.
The beams were subjected to two different load levels, which was accomplished by the
use of a three-point bending configuration. Following that, the beams were stored in a
confined space and subjected to a salt fog comprising 35 g/L NaCl for many days. The fog
was sprayed continuously for the first six years and then then sprayed on a weekly basis
for the remaining six years of the experiment, while the temperature was kept constant
at approximately 20 °C for the first nine years and then varied between 5 and 35 °C for
the remaining nine years of the experiment. Based on experiment conducted, it can be
concluded the corrosion of reinforcements was close to corrosion occurring in natural
conditions with respect to distribution, corrosion type, and types of oxides produced. Liang
Fan et al. [142] provide a new approach for calculating the mass loss of steel bars implanted
in steel-fiber-reinforced concrete, to explore the effect of steel fibers on the mass loss of steel
bars placed in concrete. The mass loss of the steel bar diminishes as the amount of fiber
in the steel bar increases. The mass loss of steel bars implanted in steel-fiber-reinforced
concrete was greatly overstated when Faraday’s law was applied directly to the prob-
lem. This is probably true because the steel fibers only allocate a portion of the applied
current [143,144]. The corrosion monitoring methods are listed in Table 3.

Table 3. Corrosion monitoring methods.

Nondestructive S . . Corrosion i
Methods Principles Merits Demerits Evaluation Specific Tools
RC resistance which A simple, fast, compact, Short circuit a.nd Current and poten’Flal
. . . and cost-effective incorrect estimations . electrode, volt units
Resistivity method current can simply switch : Resistivity (Q .
. approach that can be might be caused by or resistance and
[47] connecting areas of anode . . cm) . .
used for regular reinforcement in the insulation cable
and concrete cathode. . S . .
inspection is available. test area. (working electrode)
Acoustic emission can be It can recognize
characterized as a harmful defects that are It might be slower Transducer,
Acoustic emission transient elastic wave hard to access with than other preamplifier, filter,
. - . AE parameter e
(AE) [96] created by the rapid conventional nondestructive amplifier, and storage
release of energy insidea  nondestructive testing testing methods. equipment
material. methods.
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Table 3. Cont.
Nondestructive Corrosion
Principl i Demeri R ific Tool
Methods ciples Merits emerits Evaluation Specific Tools
The estimation of the Shorter time required . -
. o S It requires some Associating cable,
linear polarization for estimation and . Lo,
. . . investment to get a . security ring,
N resistance of steel in causes very little . Corrosion
Polarization . . total reaction because counter-electrode
. concrete is regularly used disturbances that do T current (Icorr) .
resistance [105] L . . of electrical limit 5 (working electrode),
to assess the kinetics of not interfere with the (A/cm?)
- R L : through the steel and reference
steel dissolution inside a existing electrochemi-
. and concrete. electrode
proven corrosion area. cal procedures.
IR radiation emitted by .
. . Easy explanation of
concrete is converted into . . .
Infrared . . results without Corrosion damage is . .
an electrical signal and . . ) ) Radiation Multispectrum
thermography (IRT) radiation, quick setup, not quantifiable in
used to create power (E) camera
[133] portable and any way.
temperature maps on the
helpful method.
surface of the ground.
When the pulse is Fragment of ability
introduced into the Concrete testing and operator
Transducers

Ultrasonic pulse
velocity (UPV) [134]

concrete by a transducer,
it is subjected to multiple
reflections at the limits of
the different material
stages inside the concrete.

equipment utilizing
ultrasonic pulses gives
faster and progressively
exact results.

integrity is required.

Subsequently, there is
a requirement for

trained and certified
NDT personnel.

Pulse velocity
V)

(transmitter and
receiver), amplifier,
and oscillator

Galvanostatic pulse
method (GPV) [138]

GPM corrosion
evaluation depends on
the existing measurement
wanted to change the
potential dissimilarity
between the
reinforcement and a
standard reference
electrode. The current is a
result of electrons from
the anodic and cathode
sides in concrete.

Simple to learn,
requiring a
medium-low level of
experience for
equipment
configuration and
information collection.

Unstable estimations
when resistance to
concrete cover is
high.

Potential
resistance (Rct)
(kQ2-cm?)

Associating cable,
security ring,
counter-electrode
(working electrode),
and reference
electrode

Open-circuit
potential (OCP)
monitoring [145]

The open-circuit voltage
(OCV) refers to the entire
electrochemical cell and
the capacity of the open
circuit to an electrode.
This measure is intended
to record the progress of
the potential of the rest,
e.g., when no current flow
flows through the cell
and a potential is applied
to the electrode against a
reference electrode or a
potential contrast is
applied to the cell.

The results are not
equivalent contours,
but a unique value that
gives a sign of the state
of the steel.

It requires a longer
period of time and
must be closed for a
number of hours
throughout the
inspection.

Potential level
(mVorV)

Potential electrode,
voltmeter, and
interfacing cable
(working electrode)

Fiber Bragg grating
(FBG) [146]

With an increase in steel
reinforcement
cross-section comes an
increase in fiber stress,
which is measured by
FBG wavelength shifts.

Displays a linear
response when
measuring voltage,
pressure, and
temperature.

It is rather expensive
to build
and maintain.

Bragg
wavelength
(AB)

Bragg meter, Fiber
optic sensor,
and computer

7. Conclusions

Based on the literature review the following conclusions can be drawn:

The presence of fiber content in concrete can prevent the occurrence of cracking as
well as result in a decrease in the width of cracked surfaces. Increases in the fiber volume
of the concrete result in a change from shear to flexure failure modes, which results in an
increase in the amount of time required for crack formation. Because of the relationship
between crack size and permeability, fiber-reinforced concrete is more impermeable than
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conventional concrete in a cracked state. In uncracked concrete, the addition of fibers
had no visible effect on the chloride diffusion coefficient, according to the experimental
data that were collected and analyzed. Corrosion of the passive layer results in a lower
resistivity of the concrete, and resistivity is critical in maintaining the integrity of the passive
layer. Fibers may also reduce bond stress microcracks in uncracked samples, allowing
for the same behavior to be observed. The presence of fibers increases the coefficient of
chloride diffusion based on total chlorides. Fibers bind the chlorides and prevent their
travel through the concrete. Fibers delay the start of corrosion in RC members as long
as the applied load does not exceed a certain threshold value. The type of fibers and the
volume of fibers used in RC members also impact the rate of corrosion. In spite of the fact
that steel fibers can help reinforcing bars withstand corrosion, the impact of steel fibers on
the corrosion rate and the risk of galvanic corrosion between steel fibers and reinforcing
bars has not been specifically examined. Further research is being conducted to study the
corrosion impact of steel fibers in addition to conventional reinforcement.
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