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Abstract

The use of fibers in Reinforced Concrete (RC) elements changes their cracking

pattern, leading to narrower and more closely spaced cracks. In addition, the

presence of fibers can improve the steel-to-concrete bond behavior reducing

the steel-to-concrete interface damage after cracking. Cracks and steel-to-

concrete interface damage work like paths, for aggressive agents, to reach the

rebar in cracking elements, reducing the initiation period of the corrosion pro-

cess, and favoring the corrosion at the intersection between cracks and rein-

forcement. In this context, this article discusses an experimental program on

tension ties mechanically cracked and exposed to a chloride-rich environment

with the purpose to check and eventually adequate the typical electrochemical

measurements, used in the case of RC elements, for Steel Fiber Reinforced

Concrete (SFRC). Adjustments related to degradation morphology and interfer-

ence of steel fibers are proposed and used on Fiber Reinforced Concrete (FRC)

elements for monitoring the influence of cracks and fibers on corrosion propa-

gation. Finally, these proposed modifications were checked and validated

against the results obtained by monitoring SFRC beams in the cracked stage.

Discussion on this paper must be submitted within two months of the print publication. The discussion will then be published in print, along with the
authors’ closure, if any, approximately nine months after the print publication.
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1 | INTRODUCTION

Due to the alkalinity of hydrated cement (pH > 12.5), the
reinforcement embedded in concrete develops an oxide
layer, called the passive layer, which protects the steel from
corrosion degradation.1,2 The ingress of aggressive agents,
such as chloride ions (Cl�) or carbon dioxide (CO2), up to
the reinforcement could cause localized “pitting corrosion”
or uniform dama of the passive layer, leading to the onset
of corrosion.1,2 To characterize the service life of a rein-
forced concrete (RC) structure without cracks, Tuutti3 pro-
posed the first corrosion deterioration model for uncracked
concrete composed of two stages: initiation and propaga-
tion, as shown in Figure 1. Based on this model, François
and Arliguie4 proposed a service life model adapted for
cracked concrete structures that contemplates four stages:

Incubation: the lapse in which the aggressive agents
enter through the cracks to the reinforcement destroying
the passive layer and initiating corrosion at the zone of
influence of the crack;

Initiation: interval which contemplates the initial
development of active corrosion at the zone of influence
of the crack;

Induction: where the development of active corro-
sion at the zone of influence of the crack is attenuated
by the accumulation of corrosion products that seal
the cracks and defects at the Steel–Concrete Inter-
face (SCI);

Propagation: it represents the period in which corro-
sion develops over the full extent of the reinforcement.

In the propagation stage of both models, degradation
could be accelerated by the formation of cracks induced
by accumulated expansive corrosion products (i.e., cracks
in the clear cover coinciding with the position of the rein-
forcements), or by the spalling of the nominal cover in a
very advanced state of deterioration. In the case of
cracked concrete, the accumulation of corrosion products
could lead to further opening of existing cracks or the for-
mation of new ones.

There are different strategies that allow mitigating
the progress of the corrosion process during the propa-
gation stage. In addition to the correct design, selection
of materials, casting process and curing period, monitor-
ing, and evaluation of the structures during their service
life are important aspects when planning maintenance
and repair strategies, or establishing the end of the ser-
vice life of a civil structure.1,2 Currently, there are differ-
ent techniques and measurement instruments that

allow evaluating the progress of the corrosion process in
RC structures.5,6 As most of these devices were devel-
oped to evaluate conventional RC,1,5,6 it is necessary to
consider the possibility of adjusting the techniques, or
results, if they are used in concrete with special cemen-
titious matrices.

Particularly, chloride-induced corrosion in cracked
elements is heterogeneous since it generates localized
corrosion, and it is developed at the zone of influence of
the cracks. The heterogeneity of the attack combined
with other variables, such as environmental or loading
conditions, can generate multiple deterioration scenar-
ios even in the same structure. For decades, researchers
worldwide have characterized chloride corrosion in
cracked elements. One of the most studied and contro-
versial aspects is the effect of crack width.7–10 Crack
direction, frequency, and depth were also studied.11,12 It
was established that although crack width has an influ-
ence, it has a lower impact with respect to other param-
eters. The morphology and cracking damage of the
SCI,13,14 and the exposure conditions, usually have a
greater impact than crack width. However, in the long
term, the limitation of crack width could mitigate the
corrosion process.

The use of fibers in concrete limits the width of
cracks, resulting in a greater number of cracks and lower
crack spacing.15–17 The presence of fibers also improves
the steel–concrete bond, in terms of corrosion, some
results suggest improvements in performance under cer-
tain environmental conditions18 or with the use of a cer-
tain combination of fibers.7,19 In particular, the presence
of steel fibers affects the electrical behavior of the cemen-
titious material,20,21 which influences the electrochemical
measurements of equipment used to monitor reinforce-
ment corrosion.

FIGURE 1 Service life models for reinforced concrete in

uncracked3 and cracked stages.4
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However, the impact of fibers, on the corrosion of
cracked elements, is not clearly known, and there is no
methodology to evaluate corrosion in these types of ele-
ments. The morphology of the degradation around the
crack and the influence of the steel fibers on the electrical
behavior of the cementitious matrix must be considered.
Therefore, clear and repeatable evaluation techniques
must be defined, for which three initial problems should
be considered:

1. The techniques and instrumentation, that allow quan-
tifying the corrosion progress on ordinary concrete,
are not validated in SFRC cracked element;

2. There are no evaluation methodologies that include
the influence of SCI characteristics on corrosion
monitoring;

3. There are no clear definitions of “allowable deterio-
ration” in a set of rebars or individual rebar. Limit
deteriorations must be established to evaluate the
performance of a cementitious material at each
stage.

In this context, the National University of San Martin
(UNSAM—Argentina), the National University of La
Plata (UNLP—Argentina), and the University of Brescia
(UNIBS—Italy), with the support of the National Com-
mission of Atomic Energy (CNEA—Argentina) and the
Multidisciplinary Training Laboratory for Technological
Research (LEMIT—Argentina), developed a research
program to assess a methodology to monitor chloride-
induced corrosion in RC and SFRC elements in the
cracked stage. The program was focused on the evalu-
ation of existing techniques and instrumentation by
analyzing the interference of steel fibers in

electrochemical tests. The experimental program was
carried out in two phases. The first one dealt with RC
and SFRC prisms under tension. These samples are
called hereafter “tension ties” and represent the part
of a bent beam around reinforcement in tension. This
type of specimen is often adopted to study cracking
phenomena in RC elements with and without fibers.22

Subsequently, a second phase was carried out on RC
and SFRC beams under flexure.

2 | MATERIALS AND SPECIMEN
GEOMETRIES

Concrete was made using CP40 cement, natural siliceous
sand, and 12 mm maximum size granitic crushed stone.
The water-to-cement ratio was 0.45 and a superplasticizer
was incorporated to achieve adequate workability. In order
to obtain two different SFRC mixtures, hooked-end steel
fibers, 50 mm long and 1 mm diameter (aspect ratio 50),
with a minimum tensile strength of 1100 MPa, were added
to concrete. In the first phase, SFRC tension ties were made
with 50 kg/m3 (i.e., volume fraction 0.64%) of steel fibers
while for the second one SFRC beams were produced with
25 kg/m3 (i.e., volume fraction 0.32%) of steel fibers. Hereaf-
ter, both SFRC mixes will be referred to SF50 and SF25,
respectively. Reinforcement bars were used “as-received”
without any surface cleaning process. Material characteris-
tics are given in Table 1, as well as fresh and hardened
properties of concretes. Concerning the postcracking
mechanical properties of SFRC, the mean value of the limit
of proportionality (fL) and the residual flexural tensile
strengths (fR1 and fR3 corresponding to CMOD values of 0.5
and 2.5 mm23) are summarized in Table 1 as well.

TABLE 1 Materials characteristics

and mechanical properties
Tension ties Beams

RC SF50 RC SF25

Type of concrete

Fibers (kg/m3) No Steel 50 No Steel 25

Volume (%) 0.64 0.32

Fresh properties

Slump (mm) 120 65 130 100

Mechanical properties

fc (MPa) 52.1 (0.01) 52.8 (0.02) 48.3 (0.02) 48.0 (0.02)

fL (MPa) — 5.17 (0.07) — 4.47 (0.09)

fR1 (MPa) — 4.82 (0.14) — 3.75 (0.12)

fR3 (MPa) — 4.89 (0.13) — 3.28 (0.14)

Reinforcing steel

fy (MPa) 487 (0.02)

fu (MPa) 656 (0.01)
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Eight tension ties were studied in the first phase. Four
RC specimens were made with ordinary concrete while
the other four were cast with SF50. The tension ties had a
single reinforcement bar of Ø 12 mm placed along the
tension ties axis, a cross-sectional section of 90 � 90 mm,
a total length of 600 mm, a clear cover (c) of 39 mm, c/Ø
of 3.25, and effective reinforcement ratio ρeff 1.40%, as
shown in Figure 2. Before casting, the transition area of
the rebar was isolated with epoxy paint to avoid crevice
corrosion in the region where the reinforcement emerges
from the concrete specimen. On the other hand, after
cracking and before immersion in the chloride solution,
the ends of the tension ties and once again the external
rebar were protected with epoxy paint to avoid any dete-
rioration of the exposed reinforcements and to guarantee
that chloride only ingresses through lateral faces.

For the second phase, two RC beams with ordinary
concrete, and two SF25 beams were cast. Beams were
reinforced with two longitudinal bars of Ø8 mm placed
along the tension ties axis and 6 mm stirrups placed
every 50 mm. Beams had a cross-sectional section of
150 � 150 mm, a total length of 900 mm, a concrete
cover (c) of 25 mm, c/Ø of 3.12, and a longitudinal rein-
forcement ratio ρs = 0.5%, as shown in Figure 3. Regard-
ing instrumentation, direct connections to the
longitudinal reinforcement and adapted sensors (see
Section 4) were placed at the center of the beams to mon-
itor corrosion conditions in the cracked zone.

3 | PRECRACKING PHASE AND
EXPOSURE CONDITIONS

Six tension ties, three in RC and three in SF50, were
mechanically precracked through the uniaxial tensile test
at different load levels. The latter was selected associated
with the yield tensile strength (fy) of the rebars: 0.9 fy
(51 kN), 1.0 fy (55 kN), and 1.1 fy (61 kN). The remaining
tension tie of each group (one of RC and one of SF50)
was kept uncracked. Table 2 shows the adopted

nomenclature for the tension ties according to the type of
concrete and load levels.

The mechanical behavior of tension ties showed a
clear difference between the RC and SF50 specimens, as
expected.17 In Figure 4, the theoretical response of a Ø
12 mm rebar subjected to a uniaxial tensile test up to the
yielding load is reported in red color, while black and
grayscale colors represent the mechanical performance of
the specimens at different loading levels. It can be
observed that the overall uncracked branch remains simi-
lar between RC and SF50 specimens as well as the load
at the first crack. In the cracked stage (both crack forma-
tion and stabilized crack stage), fibers led to a noticeable
increase in the general stiffness due to the residual stres-
ses transfer across cracks (tension softening).17 In turn,
the mean crack spacing of the SF50 samples resulted
lower than RC samples. In general, fibers lead to a reduc-
tion in crack spacing and crack width.23

After precracking, the tension ties were pre-exposed
to high-chloride sodium solution with 10% m/m of chlo-
ride ions (i.e., 165.0 g/L of NaCl) for 40 days to induce
the onset of corrosion on the embedded rebar. Subse-
quently, specimens were subjected to wet–dry cycles
using a sodium chloride solution with 3% m/m of chlo-
ride ions (i.e., 49.5 g/L of NaCl). Each cycle was carried
out with an average duration of 1 month: 1 wetting
week and 3 drying weeks (to cause an aggressive envi-
ronment). Tension ties were exposed for 615 days
(20 months) to wet–dry cycles and subsequently were
opened to assess the corrosion morphology on their
rebars.

Secondly, two beams in RC (i.e., RC_A and RC_B)
and two in SF25 (i.e., SF25_A and SF25_B) were mechan-
ically precracked by employing a four-point bending test.
A load, associated with the maximum load (Pmax) estab-
lished for the RC beam design in previous
characterization,24 was applied on all beams: 0.45 Pmax

(25 kN). Figure 5 shows specimens before testing, and
their mechanical performance subjected to 4 PBT. Two
experimental control beams24 up to the yielding load are
reported in continuous and dashed red lines RC and
SF25, respectively. Besides, black and gray colors depict

FIGURE 3 Geometry of RC beams and reinforcement details.

FIGURE 2 Tension ties with reinforcement details.
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the mechanical performance of the loading of the speci-
men up to 0.45 Pmax (25 kN). The mechanical behavior of
Control beams (i.e., Control RC and Control SF25) until
yielding load showed a clear difference between the RC
and SF25 specimens regarding postcracking deflection
and flexural bearing capacity. Both could be influenced
by the presence of fibers in the cracking planes after the
first crack.

Once the four beams were precracked, the exposure
conditions repeated the steps performed for the tension
ties. Currently, beams have been exposed for approxi-
mately 175 days to wet–dry cycles. For the second phase,

a target of 600 days of exposure was established, similar
to the exposition of tension ties.

4 | CORROSION MEASUREMENTS

During the exposure to wet–dry cycles, the main electro-
chemical parameters, that allow characterizing the corro-
sion process, were monitored: corrosion current (ICORR),
corrosion potential (ECORR) as well as the resistivity of
the cementitious matrix (ρM). A commercial Superficial
Measurement Equipment (SME), with guard ring

TABLE 2 Summary of the

experimental program on tension ties
Type of concrete

Loading levels

Uncracked 0.9 fy (51 kN) 1.0 fy (55 kN) 1.1 fy (61 kN)

RC RC-UC RC-0.9 RC-1.0 RC-1.1

SF50 SF50-UC SF50-0.9 SF50-1.0 SF50-1.1

FIGURE 4 RC and SF50 tension ties under subjected to uniaxial tensile test: specimen before testing at the Instron testing machine (a),

and uniaxial load versus strain diagram (b).

FIGURE 5 RC and SF25 beams under 4 PBT: a beam before testing at the Instron testing machine (a), and bending load versus net

deflection diagram, at the mid-span (b).
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technology and an external electrode system (Gecor6®),
was used for monitoring the electrochemical parameters
first in tension ties, and then in beams, as depicted in
Figure 6. The SME used allows confining the measure-
ment to a delimited area (Smed) of the reinforcement. In
addition, corrosion adapted for SFRC sensors, developed
in the corrosion department of National Commission of
Atomic Energy (CNEA),25 were used for making comple-
mentary monitoring only in beams. The corrosion sensors
record the parameters, above-mentioned, using a set of elec-
trodes embedded in the cementitious matrix of beams. The
working electrode is an 8mm control steel bar, the same as
used for reinforcement, which allows indirect monitoring of
the progress of corrosion from inside the beam (Figure 6c). In
all specimens, measurements were carried out before and
after the immersion of specimens in solution tanks.

After opening each tension tie, in order to adjust elec-
trochemical measurements, superficial extensions of
attacks (Sreal) and maximum pitting penetrations (PPIT)
were measured on the damaged rebars. Values of area
coefficients (αS), ratio Sreal=Smed, were calculated. The
current density (iCORR) was determined, using the calcu-
lated αS , and the average penetration (PX ) was estab-
lished considering the time (t) of monitoring, according
to Equation (1). Finally, pitting coefficients (αP) were cal-
culated according to Equation (2).6 The calculated pene-
tration values were compared with the penetrations
measured in the reinforcements for assessing the accu-
racy of the criterion.

PX ¼ 0:0116� ICORR
αs �Smed

� t ð1Þ

αP ¼ PPIT=PX
ð2Þ

Using the results obtained from tension ties, monitoring
of beams is being carried out considering the adjustments
made for measurements with SME. Adjustments were
also made in the setting of the electrochemical tech-
niques used to carry out measurements with the sensors
in search of more accurate measurements. It is worth
mentioning that this experimental program assesses the
corrosion during the propagation stage. The initiation
stage is generally negligible when cracks are bigger than
0.10 mm.26

4.1 | Situation scenario

After opening the tension ties, a common pattern of deg-
radation was observed on the bottom face of the rebars
(according to the pouring direction) coinciding with the
crack location, as shown in Figure 7. An irregular, shape
and length, corroded zone extended between 25 and
45 mm on each side of the crack location. Inside the
degraded regions, pits of variable diameter and depth
were observed, which generally coincided with defects in
the SCI (voids). The length of the corrosion zone (lcz) and
the maximum pitting depth (dpit) were measured by a
digital caliber reading 0.01 mm and a digital dial

FIGURE 6 Measurement made

with superficial measurement

equipment (Gecor6®): on tension ties

(a) and beams (b), and a beam with an

internal sensor (c).
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indicator reading 0.001 mm, respectively. Values of αS,
(regarding the measurement area) and αP were calculated
as aforementioned. Table 3 lists morphological character-
istics of the attack at any cracks.

The described morphology is the result of the deterio-
ration scenario generated by physical processes that the
concrete undergoes prior to onset of corrosion:

• After casting, while the concrete has a plastic consis-
tency, the combined action of concrete consolidation
and exudation processes generates the formation of a
vulnerable region, with lower quality paste (higher
water/cement ratio), under the bottom face of reinfor-
cing bars located in a horizontal position,27,28 as
depicted with blue color in Figure 8.

• In the hardened state, during the application of loads,
the mechanical stresses in the concrete generate dam-
age to the concrete mass (formation of cracks) and to
the SCI. Neighboring cracks, significant damage is gen-
erated in the SCI due to the movement that occurs
when the cracks open (deformation). Larger crack
openings can be associated with larger damage exten-
sions on the SCI29,30

• In the physical scenario generated under the described
context, the aggressive agents reach the reinforcement
through the cracks, spread along the SCI damage.
Finally, the corrosion process starts on the bottom face
of the longitudinal rebars in coincidence with the dam-
aged vulnerable region27,28,30 (Figure 8).

In electrochemical terms, the corroded area acts as
the anode, the surface of the steel without corrosion acts
as the cathode, and the low-quality cementitious paste, in
contact with the underside of the reinforcement, acts as
the electrolyte since the ion flow conditions are more
favorable than in the paste of the concrete mass.

The operating conditions of the equipment and the
interference of metallic fibers generate the need to per-
form a correct interpretation of the values of the moni-
tored electrochemical parameters:

• The presence of fibers in the cementitious matrix does
not have a significant impact on the ICORR and ECORR

measurements since they are recorded directly from
the reinforcement and their values depend on the deg-
radation state of the steel. Indeed, the recorded ICORR
values can be directly associated with the corroded
zone (anode) inside the confined measurement region.

TABLE 3 Characteristics of the corroded rebars for each tension tie

Specimen

Crack Corroded zone Attack penetration Coefficients

n� Width (mm) lcz (mm) Area (cm2) Average (mm) dpit (mm) αS αP

RC-0.9 1� <0.2 68 10.6 0.036 0.28 0.32 7.7

2� 0.2 75 11.8 0.033 0.23 0.35 6.9

SF50-0.9 1� <0.2 58 10.9 0.028 0.17 0.33 6.0

2� <0.2 56 8.8 0.035 0.32 0.26 9.2

RC-1.0 1� 0.2 72 11.3 0.034 0.22 0.34 6.5

2� 0.3 71 13.4 0.029 0.24 0.40 8.3

SF50-1.0 1� <0.2 55 8.6 0.035 0.18 0.26 5.2

2� <0.2 49 9.2 0.034 0.22 0.27 6.5

RC-1.1 1� 0.7 89 16.8 0.027 0.28 0.50 10.3

2� 0.5 86 13.5 0.034 0.27 0.40 7.9

SF50-1.1 1� 0.2 53 10.0 0.038 0.29 0.30 7.6

2� 0.2 60 11.3 0.034 0.20 0.34 5.9

FIGURE 7 Morphology of the corroded rebars: in RC (a) and

SF50 (b) tension ties.
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SME technology confines the measurement to a
defined surface of the reinforcement. On the other
hand, the internal sensors measure on the entire sur-
face of the control electrode in contact with the con-
crete. If the relationship between the measuring
surface of the equipment and the corroded area is
known, in other words αS, the average section loss
(PX ) inside the corroded area can be calculated accord-
ing to Equation (1). If pitting occurs in the inside the
degraded region, its depth (PPIT) can be estimated by
affecting the PX value by a pitting factor (αP) according
to Equation (2).

• The measurement of ρM , on the other hand, represents
the electrical resistance of the cementitious matrix
located between electrodes with a known geometric
configuration. In SME, the electrical resistance is
recorded between the reinforcements (working elec-
trode) and the counter electrodes of the equipment
located on the surface of the concrete. That is, the elec-
trical resistance of the cementitious matrix of the clear
cover is recorded. In sensors, the electrical resistance
between the control electrode (working electrode) and
the counter electrodes of the sensor are recorded
instead. That is, the electrical resistance of the cemen-
titious matrix between the electrodes is recorded. In
terms of the corrosion mechanism, the resistivity of
the cementitious matrix is an indicator of the ionic
conductivity through the electrolyte and is associated
with the quality (i.e., water/cement ratio) of the
cementitious paste. The presence of metallic fibers
modifies the electrical behavior of the cementitious
compound, making it more conductive, but does not
modify the ionic conductivity of the cementitious
matrix. Therefore, it is necessary to eliminate the influ-
ence of metallic fibers on resistivity measurements, in
order to avoid erroneous conclusions about the corro-
sion susceptibility of reinforcements.

With the interpretation of the deterioration scenario
and the operating conditions of the equipment, it is
worth mentioning that:

• Knowing the relationship αP, measurements of ICORR
with SME, on the crack location, allow monitoring the
corrosion on the lower face of reinforcement. With a
commercial SME it is not possible to configure direct
electrochemical techniques and it is necessary to cor-
rect resistivity values, eliminating the influence of the
presence of metallic fibers, in order to perform an
accurate evaluation of the resistivity of the cementi-
tious matrix.

• Measurements with sensors should be interpreted based
on their location with respect to cracks (Figure 6c):
� When the location of the sensor and the crack coin-

cide, ICORR measurements allow to monitor the cor-
rosion on the lower face of the witness electrode,
knowing the relationship αP. With sensors it is pos-
sible to configure the electrochemical techniques to
record the resistivity of the cementitious matrix,
eliminating the influence of the presence of metallic
fibers.

� If the location of the sensor and the crack do not
coincide, ICORR measurements allow to monitor cor-
rosion in a scenario where mechanical damage has
no direct influence. Sensors located between cracks
could be used to recognize the extent of mechanical
damage, or the progress of contamination with
aggressive agents, over time.

5 | RESULTS AND DISCUSSION

Figure 9 exhibits the monitoring of electrochemical
parameters (iCORR, ECORR, and ρM) on tension ties during
the wet–dry cycle period, respectively. The iCORR values
were calculated using an area coefficient (αS) of 0.3,
obtained as a general criterion from the analysis of the
attack morphology. On ρM monitoring, the impact of steel
fibers was observed and the matrix without fibers showed a
higher resistivity, as expected. Figure 10 shows a compari-
son between iCORR and ρM measurements, performed on
RC and SF50 tension ties, respectively. It can be observed
that iCORR measurements show negligible influence
despite the presence of steel fibers. Conversely, ρM mea-
surements show a significant impact due to the steel
fibers.

The interference of steel fibers in the measurements
of resistivity was analyzed by several researchers.18,21,31

The authors indicated the possibility of more accurately
monitoring by using alternating current (AC) techniques.
According to Berrocal et al.20, accurate values can be

FIGURE 8 Degradation scenario at the intersection of

reinforcement and cracks.
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FIGURE 9 Electrochemical parameters (iCORR, ECORR, and ρM) monitoring in tension ties subjected to wet–dry cycles for: RC (a) and

SF50 (b).

FIGURE 10 Comparison of RC and SF50 tensions ties for iCORR measurements (a), and ρM (b) measurements.

GOMEZ ET AL. 9



obtained by using frequencies three orders of magnitude
lower (~1 Hz) than the usual ones in RC (~1000 Hz).
From resistivity measurements analysis on tension ties,
correction coefficients (Kρ), for SME measurements, were
established by direct match between RC and SF50 ρM
measurements, as shown in Figure 11. The Kρ values,
associated with types and doses of metallic fibers, must be
established for each case, and used to adjust the resistivity
measurements recorded with SME. The Kρ value obtained
in this paper is not directly applicable to other SFRC.

To make accurate monitoring of resistivity on
beams, two methodologies for adjustments were
applied:

• For SME measurements, a correction coefficient (Kρ)
of 1.6, established from tension ties results analysis,
was applied (Figure 11).

• For corrosion sensor measurements, a 1 Hz of fre-
quency electrochemical impedance, was established as
a technique for ρM measurements.

FIGURE 11 Match analysis between resistivity measurements, recorded with SME on RC and SFRC, using different correction

coefficients. Match between ρM values using Kρ = 1.0 (“no correction”) (a), Kρ = 1.3 (b), Kρ = 1.6 (c), and Kρ = 1.9(d).

FIGURE 12 Electrochemical parameters monitoring in beams subjected to wet–dry cycles for RC (a) and SF25 (b).

10 GOMEZ ET AL.



Figure 12 shows the monitoring of iCORR on beams,
during wet–dry cycle exposition, by using SME and corro-
sion sensors. The iCORR values were calculated using an
area coefficient of 0.3, obtained as a general criterion from
the analysis of the attack morphology on tension ties. The
values recorded by the sensor are lower than those
recorded by the SME. As previously mentioned, the differ-
ence is due to the fact that the sensor is not intercepted by
cracks and therefore represents conditions of reinforce-
ment deterioration not reached by mechanical damage.

For ρM measurements, the previously mentioned
adjustments methodologies were applied. Figure 13 com-
pares the average values of ρM recorded in RC and SF25
beams using corrosion sensors and SME. It can be
observed that both applied methodologies improve the
accuracy of the resistivity measurement.

Moreover, it is worth mentioning that during the
experimental programs some interesting observations
associated with the progress of the corrosion process were
made:

• In all cases, the presence of a small crack, from 0.1 to
0.2 mm, influences the onset of corrosion. The corro-
sion process began in a short time, almost instanta-
neously, and oscillated between high and moderate
degradation rates during wet–dry cycles.

• In tension ties, the cracks were wider than 0.2 mm
since specimens were precracked up to the yielding
load. Thus, no mitigation by sealing crack was
observed in tension ties. Conversely, mitigation of deg-
radation by sealing cracks was observed during the
monitoring of beams. A smaller crack width
(<0.2 mm), as occur under service loads, could be ben-
eficial in the propagation stage making sealing of
cracks more viable.32,33

• In terms of monitoring, the need to know the exten-
sion of the attack is notable for an accurate assessment
of degradation. In longitudinal reinforcement, the
deterioration in the zone of influence of the cracks
showed a certain repetitive pattern that makes viable
the use of αS to correct ICORR measurements.

• For cracks at the yielding load of reinforcement
(i.e., ≥0.2 mm), αS values between 0.3 and 0.5 can be
used at early ages of deterioration.

• Correspondence was observed between pitting and
imperfections at the SCI; however, the αP values
obtained do not allow general recommendations to be
made. In order to define αP values, a more extensive
study is required where different environmental condi-
tions and SCI defects are considered. However, the
values of αP around 10 will always be conservative.

6 | CONCLUSIONS

A practical approach was presented to monitoring the
chloride-induced corrosion in RC and SFRC cracked ele-
ments. Different types of cracked specimens were sub-
jected to wet–dry cycles in chloride solution, with 3% m/m
of chloride ions (49.5 g/L of NaCl), and the progress of the
corrosion process was characterized by electrochemical
parameters monitoring and degradation morphology anal-
ysis. Based on the observation and obtained experimental
results, the following conclusions can be drawn:

1. As expected, the presence of cracks has a high impact
on the onset and development of corrosion. Even with
crack widths smaller than 0.2 mm, corrosion initiation
appeared in a very short time.

2. A common pattern of heterogeneous corrosion, at
the crack location, was observed, and described. For
monitoring of this scenario, values of αS, between
0.3 and 0.5, could be used to evaluate the deteriora-
tion generated by chloride attack and the presence
of cracks.

3. The presence of fibers does not have a significant
influence over ICORR and ECORR measurements. Metal-
lic fibers only affect the ρM measurements. Correction
factors, associated to types and doses of fibers, could
be determined by direct match and should be used to
improve the accuracy of registers made with SME. For
monitoring with corrosion sensors, the use of AC
techniques, at frequencies on the order of 1 Hz,
improves the accuracy of ρM measurements.

4. Mitigation of degradation by sealing crack was
observed during monitoring of specimens with small
crack width (<0.2 mm) generated under service loads.
In these cases, cracking control was the only

FIGURE 13 Comparison between resistivity measurements of

RC beams and SF25 beams, resistivity measurements adjusted by

proposed methodologies. Values of ρM on SF25 recorded with

corrosion sensor using AC technique at 1 Hz and values of ρM on

SF25 recorded with SME corrected with a Kρ = 1.6, as well.
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beneficial impact of fibers in corrosion process, mak-
ing the sealing of cracks more viable.
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NOMENCLATURE
Ø bar diameter
c clear cover
dpit pit depth at the minimum cross-section
ECORR corrosion potential
fc mean value of the cylinder compressive concrete

strength
fL mean value of the limit of proportionality
fR,1 mean value of residual flexural tensile strength

corresponding to CMOD = 0.5 mm
fR,3 mean value of residual flexural tensile strength

corresponding to CMOD = 2.5 mm
fy yield strength of reinforcement
fu ultimate strength of reinforcement
ICORR corrosion current
iCORR corrosion current density
Kp correction coefficient
lcz length of corrosion zone at the crack
Pmax maximum load for the RC beam
PPIT maximum pitting penetration
PX average penetration
Smed superficial measurement of a delimited area of

the reinforcement
Sreal superficial extension of the attack
w means crack width
αP pitting coefficients
αS area coefficients, the ratio of Sreal/Smed

ρeff effective reinforcement ratio
ρM the resistivity of the cementitious matrix
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