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a b s t r a c t

In reinforced-concrete structural members, the protective passive film on the rebar surface is broken
when a critical content of chloride ions (Ccrit) is accumulated at the rebar-concrete interface by diffusing
through the concrete cover. The value of Ccrit is often used for determining maintenance schedules and
service life modeling of reinforced-concrete infrastructure. A novel method for accurate determination
of Ccrit is proposed in this article, which addresses some of the limitations of current practice. For the
development of this method, seventeen identical beam specimens, made with reinforced-Strain-
Hardening Cementitious Composite (SHCC), were prepared according to the ASTM G109 procedure.
The corrosion activity was monitored using various electrochemical techniques to detect the initiation
of corrosion. Immediately after corrosion initiation, each specimen was sectioned to determine the chlo-
ride contents at multiple points along the rebar-SHCC interface and to observe the depths of the tiny cor-
rosion pits on the surface of the rebars. We found a linear correlation between the chloride content and
the average corrosion pit-depth and determined the Ccrit of SHCC as the y-intercept of this linear
correlation.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In reinforced-concrete (RC) structural members, the steel rein-
forcement is protected from corrosion by a passive oxide layer that
forms on the rebar surface due to the high alkalinity of the concrete
pore solution. However, this passive layer breaks down when a
critical content (Ccrit) of chloride ions (Cl�) diffuses through the
concrete cover and accumulates at the rebar surface [1]. According
to the classical Tuutti’s model, the time needed for this process to
occur is called the time-to-corrosion initiation [2].

Recent research [3,4] on RC members exposed to marine envi-
ronment showed that significant damage (or concrete cracking)
does not occur immediately after corrosion initiation, and depend-
ing on the quality of the concrete, it might take up to several years
to start active, damaging corrosion. While this model [3] is differ-
ent from that proposed by Tuutti [2], the time to corrosion initia-
tion (ti), which marks the local breakdown of the passive film, is
the same in both models. The corrosion initiation phase (up to ti)
in the transportation infrastructure of the northern United States
is the focus of this research. In such structures, chloride ions,
mainly from deicing salts, diffuse through the concrete cover and
accumulate at the steel reinforcement. Pitting corrosion initiates
when the accumulated chloride content reaches Ccrit – this mech-
anism is the most common cause of premature deterioration in
aforementioned infrastructure [1,5–8]. It must be emphasized that
achieving Ccrit only marks corrosion initiation and it does not imply
impending structural failure. In spite of this, corrosion initiation is
a vital indicator of structural health of the infrastructure exposed
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to chloride ions, and therefore, an accurate determination of Ccrit is
important.

From an electrochemistry standpoint, corrosion of the rebar ini-
tiates when the corrosion potential, Ecorr, becomes equal to the pit-
ting potential, Eb. The value of Eb depends on the chloride content
at the rebar-concrete interface and the elemental composition of
the rebar [9]. According to the Nernst’s equation [10], Ecorr is influ-
enced by the pH of the pore solution and oxygen concentration at
the rebar-concrete interface, which vary along the length of the
rebar depending on the microstructure of the surrounding concrete
[11]. Due to large variability in the above factors (because of
changes in concrete ingredients, chloride binding, environment,
and processing of materials), a wide range of Ccrit values have been
reported for similar concrete mixtures [11].

In the existing experimental methods to determine Ccrit, a salt
solution with high chloride concentration is ponded on RC speci-
mens and the corrosion activity of the embedded rebar is moni-
tored using one of the electrochemical techniques [12,13]. As
soon as the corrosion activity exceeds a certain threshold (corro-
sion initiation [14]), the concrete around the embedded rebar is
sampled and analyzed to determine the chloride content, which
is assumed equal to the Ccrit.

The accuracy of the above approach is limited by the resolution
of the electrochemical technique, the threshold for indicating cor-
rosion initiation, and the sampling interval. Different electrochem-
ical techniques have different resolutions for measuring the
corrosion activity [10,15,16], and in some techniques, the resolu-
tion is not sufficient (signal/noise ratio is low) to distinguish
between passive and active states of corrosion at a small pit on
the rebar’s surface [17,18]. Secondly, the threshold used for demar-
cating passive and active states of corrosion for a new material is
not known a priori [13,19]. Researchers have often used their expe-
rience with other similar materials to distinguish between active
and passive states of corrosion. Thirdly, the sampling intervals
for measuring corrosion activity are of the order of several days
(if not weeks or months), as the overall experiment can last for sev-
eral months or years [12,20–22] depending on the diffusivity and
thickness of the concrete cover and concentration of the salt solu-
tion. For these reasons, the likelihood of missing the instant of cor-
rosion initiation is high, and due to continued diffusion, the Ccrit

values determined using the existing methods are different (typi-
cally greater) from the true Ccrit. As a result, the Ccrit values
reported in the literature vary over a large range [11].

Modern concrete materials such as strain-hardening cementi-
tious composites (SHCCs) offer improved protection against chlo-
ride penetration due to their low diffusivity and limited crack
widths (or openings) [23–28]. The SHCCs are a class of ultra-
ductile fiber-reinforced cementitious composites with tensile
strain capacity typically greater than 1% [29,30]. An SHCC absorbs
damage through multiple micro-cracking with crack widths typi-
cally limited to less than 100 lm. This behavior is in contrast to
the brittle behavior of conventional concrete with unrestricted
crack openings that often exceed several millimeters. The crack
width control of an SHCC is particularly useful for limiting chloride,
water, and oxygen ingress post-cracking [31]. As a result, the major-
ity of the existing studies have examined the performance of SHCC
in the corrosion propagation stage using accelerated corrosion
methods. Even at the saturated micro-cracking stage, an SHCC
has a corrosion resistance comparable to that of an undamaged
concrete of similar compressive strength [32–34].

There have been only a few studies on the corrosion initiation
stage in reinforced SHCC; and the majority of these studies have
focused on the determination of effective diffusion coefficient (Deff)
of SHCC [33,35]. However, the Ccrit of SHCC was often assumed
equal to that of concrete with similar compressive strength or
chemical composition. Due to the absence of coarse aggregates
and the prevalence of fly ash, SHCC has a lower porosity, and there-
fore, lower Deff compared to concrete [36]. Although fly ash
reduces the porosity and permeability of cementitious materials
[37,38], its use in large amounts also reduces the pH of the pore
solution due to the pozzolanic reaction [39–41], which negatively
impacts the stability of the passive film on the surface of reinforce-
ment. The reduction in the pH of the pore solution might also
decrease the chloride binding capacity of a cementitious material
[42–44], which is also detrimental for the passive layer. Thus, there
is a need to determine the Ccrit for SHCC and other modern con-
cretes with high contents of supplementary cementitious materi-
als, as their microstructure chemistries are substantially different
from conventional concrete.

The objective of this research is to demonstrate a new method
for determining the Ccrit of cementitious materials, which
addresses some of the challenges of the existing techniques. The
proposed method is extended from an existing procedure, and it
is based on the correlation between chloride contents at the
rebar-concrete interfaces and average depths of the corrosion pits
on the surface of the rebars. In our proposed method, similar to the
existing methods, the chloride contents at the rebar-concrete
interface of several reinforced-concrete specimens are determined
after the detection of corrosion initiation. While in the existing
method, these chloride contents are averaged to compute the Ccrit,
the linear correlation of chloride content with average pit depth is
used in the proposed method to compute the Ccrit. This eliminates
the error caused by the late detection of corrosion initiation, allows
reasonable sampling intervals, and makes the Ccrit determination
less dependent on the resolution of the electrochemical methods.
The details of the proposed experimental method and its imple-
mentation on a set of reinforced-SHCC specimens are given in
the rest of this article.
2. Details of experiments

2.1. Mixture proportions and mechanical properties of SHCC

The mixture proportions of SHCC used in this study are given in
Table 1. This SHCC was similar to that developed by Wang and Li
[36], which has been widely investigated in the literature. The
ingredients of this SHCC include: Type-I cement (conforming to
ASTM C150 [45]), class-F fly ash, and fine silica sand. The maxi-
mum, minimum, and median particle sizes of the silica sand were
300 mm, 70 mm, and 180 mm, respectively. Table 2 shows the chem-
ical composition of the fly ash used in this study. The locally avail-
able fly ash had a high water demand, and therefore, a relatively
high water to binder (cement + fly ash) weight ratio (w/b) of
0.38 was used, compared to the typically used w/b ratio of about
0.24–0.30 in the literature [36].

The SHCC matrix was reinforced with polyvinyl alcohol (PVA)
fibers at a volume fraction of 2% of the total composite volume.
Table 3 shows the mechanical and geometrical properties of the
PVA fibers. Fibers were oil-coated (1.2% by weight of the fibers)
by the manufacturer to favorably tailor the fiber–matrix bond for
achieving robust tensile ductility of the composite. A Type S (ASTM
C494 [46]) viscosity-modifying admixture (VMA) [47] and a Type F
(ASTM C494 [46]) polycarboxylate ether-based high range water
reducing admixture (HRWRA) [48] were added to the fresh SHCC
mixtures in small amounts to achieve the proper rheological prop-
erties and a homogeneous fiber dispersion. Further details about
the micromechanics and fundamental principles for designing an
SHCC mixture are available in the literature [29,30,49].

Due to the large size and number of beam specimens needed for
the corrosion experiments in this study, multiple batches of SHCC
were prepared using a 30-quart planetary, high-shear floor mixer.



Table 1
SHCC mixture proportions and ingredient properties.

Cement Type-I Fly ash Class-F Sand F-75 Water HRWRA1 VMA2 PVA Fibers

Proportions 1.0 1.2 0.82 0.84 0.01 0.024 0.053
Particle size range 5–50 mm 5–50 mm 70–300 mm – – – –
Specific gravity 3.15 2.4 2.6 1.0 1.2 1.005 1.3

1 HRWRA = High-range water-reducing admixture.
2 VMA = Viscosity modifying admixture.

Table 2
Chemical analysis of as-received fly ash and Type-I cement (wt. %).

Material SiO2 Al2O3 Fe2O3 SO3 CaO MgO Alkalies LOI1

Fly ash 47.1 23.7 20.6 0.5 3.3 0.9 1.8 1.7
Cement 19.7 4.4 3.3 3.6 64.1 2.3 0.5 2.6

1 LOI: Loss on Ignition.

Table 3
Mechanical and dimensional properties of PVA fibers.

Diameter Length Tensile strength Young’s modulus Elongation at break Density

0.039 mm 12 mm 1600 MPa 41 GPa 6% 1.3 g/cm3
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Fresh and hardened properties of SHCC were determined for qual-
ity control across the batches using standard material characteriza-
tion tests. The workability and air content of the fresh SHCC
mixtures were determined using the procedures described in
ASTM C1437 [50] and ASTM C231 [51], respectively. The average
flow diameter for all the SHCC batches ranged from 225 mm to
250 mm, and the air contents ranged from 2.0% to 2.6%.

From each batch of SHCC, three 51 mm cubes and four dogbone
specimens were cast to determine the compressive strength and
the uniaxial tensile stress–strain behavior. The geometry of the
dogbone specimens is shown in Fig. 1(b). All the specimens for
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Fig. 1. Uniaxial tensile behavior of SHCC (a) stress–strain response, (b) geometry of
dogbone specimens (all dimensions are in millimeter).
material characterization were demolded after 24 h and were
cured for 14 days in a moist environment created by wet paper
towels and plastic covers. Subsequently, the specimens were
unwrapped and dried at ambient temperature. The cubes were
tested under load control at the rate of 900 N/s to 1,800 N/s accord-
ing to ASTM C109 [52], and the dogbone specimens were tested
under displacement control at the rate of 0.5 mm/min according
to the procedure described by Ranade et al. [53]. The average 28-
day compressive strength of the cubes from different batches ran-
ged from 32 MPa to 37 MPa. Representative tensile stress–strain
curves of SHCC from various batches are shown in Fig. 1(a). This
plot shows that the first cracking strength of SHCC ranged from
2.5 MPa to 3 MPa, the ultimate strength ranged from 4.1 MPa to
5 MPa, and the tensile strain capacity ranged from 2.1% to 2.7%.
Multiple fine cracks were observed in all the dogbone specimens
with majority of crack openings under 100 lm at the ultimate load.

2.2. Preparation of reinforced-SHCC specimens for corrosion
experiments

Seventeen identical reinforced-SHCC beams, with dimensions of
280 mm � 152 mm � 114 mm (length � height � width), were
constructed according to ASTM G109 [54]. Specimen preparation
for these beams involved the following steps:

(i) Three 12 mm (US #4) longitudinal black rebars of length
380 mm were placed inside the wooden beam mold as
shown in Figs. 2 and 3.

(ii) The middle portion of each rebar (approximately 203 mm in
length) was wire brushed and rinsed with deionized water
to remove any pre-existing rust spots and contaminants.
This step was necessary to facilitate the uniform formation
of the passive film on the surface of the rebars. Fig. 2(a)
shows the difference in surfaces of as-received and wire
brushed rebars.

(iii) Stainless steel screws were welded on one end of each rebar
and a ring terminal was attached to each screw with a stain-
less steel nut to facilitate proper electrical contact with the
rebars during the current/voltage measurements.

(iv) Both ends of each rebar were sealed with electroplating tape,
and then tightly covered with polyolefin heat shrink tubes to
provide sufficient electrical insulation as shown in Fig. 2(b)
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Fig. 2. SHCC beam specimens (a) rebars before and after wire-brushing, (b) beam
mold and rebar preparations before placing SHCC, (c) finished specimen ready for
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and (c). The exposed ends of the heat shrink tubes were
sealed with a silicone sealant to prevent any further expo-
sure to moisture and oxygen during the casting and curing
procedures.

(v) About 30 min before casting of the specimens, the wire-
brushed rebar surfaces (at the middle of the rebars) were
degreased by a clean cloth and denatured alcohol to remove
contaminants and any minor corrosion that might have
occurred during the above steps.

(vi) A soft duct seal was used to prevent the rebars from moving
in the molds during the casting and vibration processes.
Fig. 2(b) shows the rebars fixed in the wooden mold before
pouring fresh mixtures.

(vii) Fresh SHCC mixture was placed in each mold in three equal
layers, and each layer was moderately vibrated for 20 s to
achieve proper placement and consistent quality in all the
specimens.

(viii) The wooden molds were covered by plastic sheets to main-
tain a humid environment for 24 h, after which the speci-
mens were demolded.

(ix) The specimens were moist cured for 28 days at room tem-
perature (23 ± 2 �C) and for an additional two weeks in the
ambient environment (RH 50 ± 10%), following the recom-
mendation of ASTM G109 [54].

(x) All four vertical sides of each beam were sealed with a poly-
meric sealant, leaving only the top and bottom surfaces
unsealed.

(xi) A ponding dam with dimensions of
152 mm � 75 mm � 75 mm was constructed with 3-mm-
thick plexiglass sheets and was epoxied to the top surface
of the beam specimen. Fig. 2(c) shows a finished beam spec-
imen before initiating the exposure to the salt solution.

2.3. Experimental setup

Fig. 3 shows the schematic view of a reinforced-SHCC beam
specimen. As the moisture and chloride ions penetrate downward
from the dam, the top rebar undergoes oxidation (anode) or corro-
sion, and the two bottom rebars (drier than the top rebar) with
ponding dam
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multimeter
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lectrochemical measurements (all dimensions are in millimeters) [54].
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easier access to oxygen undergo reduction (cathodes). Following
the ASTM G109 procedure [54], alternate wetting–drying cycles
were applied on the beam specimens beginning at 56 days after
casting. Wetting and drying cycles accelerate the ingress of chlo-
ride ions and oxygen through the cover by creating inward concen-
tration gradients and intensifying the capillary action. Each wet-
dry cycle involved two weeks of ponding salt solution (wetting
cycle) followed by two weeks of natural drying (drying cycle). A
3 percent by weight salt solution was ponded on each beam spec-
imen during the wetting cycle. An ACS grade sodium chloride
(NaCl) with 99% purity was used to minimize the potential for
interference from other (unknown) ions. After two weeks (at the
end of the wetting cycle), the salt solution was removed from the
pond and the specimens were allowed to naturally dry under
ambient conditions (drying cycle). The concentration of the salt
solution was increased from 3% to 7%, starting from the fourth wet-
ting cycle and continued for all subsequent wetting cycles to accel-
erate the corrosion process.

Corrosion activities were periodically measured using a poten-
tiostat [55]. Measurements were made using the 3-electrode
arrangement. The top rebar was used as the working electrode
(WE), a saturated copper–copper sulfate electrode (CSE) was used
as the reference electrode (RE), and an AISI type 316 stainless steel
shim immersed in the ponding dam was used as the counter elec-
trode (CE). The center-line of the dam was marked for accurate
placement of the RE to ensure that the distance between the RE
and the WE was kept constant for all measurements.

2.4. Electrochemical techniques for detecting corrosion initiation

The effectiveness of different electrochemical techniques to
detect corrosion activity, and the initiation of corrosion, varies. In
this study, three electrochemical techniques (macro-cell current,
half-cell potential, and Tafel tests) were applied to monitor the cor-
rosion activity and to identify the initiation of corrosion as
explained below.

2.4.1. Macro-cell current
In this study, the macro-cell current was measured at the end of

each wetting/drying cycle according to the ASTM G109 procedure
[54]. A high impedance digital multimeter with an accuracy of
1 mV was used to measure the voltage across a resistor (100 O) con-
necting the top and bottom rebars as shown in Fig. 3. In this setup,
the initiation of corrosion causes electrons to flow from the top
rebar (anode) to the bottom rebars (cathode) through the resistor,
forming a macro-cell. According to Ohm’s law, the macro-cell cur-
rent is determined by dividing the measured voltage by the resis-
tance value (100 X). For each measurement, we waited for 10 min
after connecting the top and the bottom rebars to allow the current
to reach a steady state. Following the macro-cell current measure-
ment, the top and bottom rebars were disconnected and allowed to
depolarize for approximately one hour before conducting the half-
cell potential measurement.

2.4.2. Half-cell potential
The half-cell potential (HCP) was measured at the end of each

wetting/drying cycle with a high impedance voltmeter (packaged
with the potentiostat [55]) and the CSE (as the reference electrode)
as shown in Fig. 3. As it takes time for the HCP reading to stabilize,
a quasi-steady-state HCP reading was taken when the change in
potential over a 30-second interval was less than 0.2 mV.

As the chloride ions may penetrate through the porous plug and
contaminate a CSE, we checked whether using a CSE in a chloride-
rich environment influenced the HCP readings. For this purpose,
two identical CSEs were connected to a digital multimeter, with
one electrode submerged in distilled water and the other sub-
merged in a 7% (by weight) salt solution. The potential difference
between the two electrodes over a period of 12 h was less than
1 mV, which verified that the salt solution had a negligible effect
on the HCP readings. As an additional precaution, after each set
of half-cell potential measurements, the saturated copper sulfate
solution was replaced with a fresh solution and the porous tip
was thoroughly washed with distilled water.

2.4.3. Tafel test
The Tafel test was used to measure the corrosion rate in terms

of the micro-cell current. In micro-cell corrosion, the potential dif-
ference between various regions along the length of the same rebar
generates anodic and cathodic zones. The potential difference is
generated by the differences in oxygen and chloride ion concentra-
tions at different locations of the rebar. Potentially, the Tafel test
could provide high-quality corrosion data. However, during the
test a substantial overpotential is applied (±250 mV) [15], which
may affect the electrochemistry of the passive layer, and therefore
have an impact on future measurements, i.e., the rebar might
undergo a small degree of corrosion due to the test. Therefore, in
this study, Tafel tests were performed only at the end of the obser-
vation period for each specimen (after detection of corrosion initi-
ation), using the potentiostat [55] with the test setup shown in
Fig. 3.

During the Tafel tests, the dams at the top of the specimens
were filled with tap water to prevent further exposure to the salt
solution (unlike the HCP tests, where the dams were filled with a
salt solution). The applied potential shift and the scanning rate
were ± 250 mV and 0.17 mV/sec, respectively, similar to those
described in the literature [15,56]. The corrosion potential (Ecorr)
and corrosion current density (Icorr) were determined by fitting
the test data to the Butler-Volmer equation using a chi-squared
minimization procedure [57,58].

2.5. Determination of chloride contents and pit depths

Upon detection of corrosion initiation through the electrochem-
ical techniques mentioned above, the wetting/drying cycles were
stopped and the reinforced-SHCC beam specimens were prepared
for sectioning to determine the chloride contents at the rebar-
SHCC interfaces. As all the specimens could not be sectioned and
analyzed simultaneously, they were sealed in plastic bags and
stored in a freezer set at �18 �C to prevent further diffusion of
chloride ions before testing. One specimen was retrieved from
the freezer at a time and cut along a plane (section cut is shown
in Fig. 3). Then, the specimen cap of each beam (the SHCC part
above the top rebar) was extracted by gently tapping a chisel into
the cut grooves, as shown in Fig. 4. A small amount of SHCC pow-
der from the specimen cap was collected using a flat-tipped drill
bit to grind approximately 0.5 mm deep along the rebar trace.
The powder specimens were tested to determine the chloride
contents.

Although only the free chloride ions are responsible for depas-
sivation, some researchers prefer to express Ccrit as the total chlo-
rides present per unit weight of cement, as the bound chlorides can
be potentially released due to the changes in the pH of the pore
solution [11,42,59,60]. In this study, the total chloride content for
each sample powder was measured by silver nitrate titration using
an automated titrator [61], following the ASTM C1152 procedure
[62].

After the determination of the chloride content, the top rebar
was extracted and wire brushed according to ASTM G1 procedure
[63] to remove the surface rust. Pit depths were measured by a dig-
ital micrometer (resolution of 1 mm) with an attached needle probe
following the ASTM G46 procedure [64]. Fig. 5 shows a corroded
rebar before and after removal of rust and the test setup used to



Fig. 4. Extraction of the specimen cap by a chisel.
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measure the pit depths. For each pit, pit depths were measured at
three points within the pit and the average value was reported as
the depth of that pit. For each SHCC beam specimen, average pit
depth (APD) was computed by taking an average of the depths of
all the corrosion pits in the top rebar of that specimen. Similarly,
the maximum pit depth (MPD) of a beam specimen was the largest
among all the pit depths measured for that specimen.

3. Results and discussion

3.1. Electrochemical measurements

3.1.1. Macro-cell current
The variations of macro-cell current with time for all the SHCC

specimens are shown in Fig. 6. In this plot, the current–time curves
of four randomly selected beams are shown in color for enhancing
the readability, and the remaining thirteen curves are shown using
gray color. The macro-cell current was almost zero as long as the
top rebar embedded in the SHCC beam remained in the passive
state. Corrosion initiation was marked by a significant increase in
the macro-cell current. In this study, the macro-cell current of
1 mA was considered as the threshold for determining corrosion
initiation in the SHCC beam specimens. However, in some speci-
mens (for example, the specimen B4 shown in blue in Fig. 6), the
1

2
3 4
pits

(a)

Fig. 5. Determination of corrosion pit depth (a) corrosion pits befor
macro-cell current decreased after once exceeding 1 mA. Therefore,
the specimens were sectioned after getting two successively
increasing macro-cell current readings greater than 1 mA to ensure
the corrosion initiation. Based on the above condition, the days-to-
sectioning (DTS, when last macro-cell current observation was
made) of the SHCC beams ranged from 133 days to 238 days since
the first exposure to the salt solution. Table 4 lists the DTS for var-
ious specimens.

The threshold of 1 mA used for the SHCC specimens is signifi-
cantly lower than values from previous studies with conventional
concrete specimens [22,65–67]. This is due to the denser
microstructure of SHCC that leads to a greater electrical resistivity
compared to conventional concrete. A threshold current of 10 mA is
recommended in the ASTM G109 [54] standard to indicate the
presence of sufficient corrosion in rebars embedded in conventional
concrete. Although some previous studies [65,67] have used
thresholds close to 10 mA to determine the initiation of corrosion,
that is not the intent of this recommendation from ASTM G109
[54]. The corrosion current of 10 mA indicates sufficient corrosion,
which means that pitting corrosion is clearly observable when
the specimen is sectioned. The initiation of corrosion occurs at
lower macro-cell current values, and using 10 mA as an indicator
for initiation of corrosion often leads to late detection of corrosion
initiation and overestimation of Ccrit.
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e and after rust removal, (b) setup used to measure pit depths.



Table 4
Results of Tafel tests and sectional analyses.

Beam No. DTS1 Tafel results Sectional analyses

Icorr (mA cm�2) Ecorr (V) [Cl�]2 (%) NP3 MPD4 (mm) APD5 (mm)

B1 203 0.949 �0.468 0.205 8 161 144
B2 147 0.496 �0.453 0.113 4 58 51
B3 133 0.372 �0.524 0.036 4 22 20
B4 238 0.746 �0.458 0.298 3 125 122
B5 168 0.355 �0.426 0.157 5 155 52
B6 224 1.377 �0.438 0.295 10 167 151
B7 189 0.601 �0.470 0.101 5 44 27
B8 231 0.491 �0.426 0.213 4 146 92
B9 161 0.499 �0.454 0.136 6 67 31
B10 140 0.343 �0.549 0.105 3 57 34
B11 224 0.583 �0.404 0.188 7 111 77
B12 224 0.964 �0.571 0.221 4 144 104
B13 217 1.117 �0.489 0.216 4 164 138
B14 168 0.172 �0.392 0.116 5 31 24
B15 133 0.121 �0.398 0.065 2 47 34
B16 133 0.260 �0.468 0.038 3 25 22
B17 189 0.489 �0.461 0.155 4 96 45

1 DTS = days-to-sectioning (sectional analysis).
2 [Cl�] = Chloride contents values are presented as a percent weight of SHCC powder (cement + fly ash + sand + PVA fibers); these values can be divided by 0.253 and 0.557

to obtain the percent weight of cement and binder contents, respectively.
3 NP = number of observed pits.
4 MPD = maximum pit depth.
5 APD = average pit depth.
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3.1.2. Half-cell potential
The variations of HCP with time for the seventeen SHCC beam

specimens are shown in Fig. 7. The HCP-time curves of four speci-
mens that approximately show the ranges and trends of HCP val-
ues with respect to time are highlighted in color for enhancing
the readability, and the remaining thirteen curves are shown using
gray color. At the beginning of the exposure period when the
rebars were in the passive state, the HCP values of the specimens
ranged between�154 mV and �288 mV. After the initiation of cor-
rosion, the HCP values became more negative. At the end of the
observation period, the HCP readings ranged between �341 mV
and �551 mV. Due to the large fluctuations in HCP values during
the wetting/drying cycles (the reason is discussed below), it was
not possible to define a threshold HCP value to demarcate corro-
sion initiation. The limits given in ASTM C876 [68] for conventional
concrete are not applicable for SHCC specimens due to significantly
different microstructures of the two materials. Compared to the
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Fig. 7. Half-cell potential histories of seventeen SHCC specimens.
HCP observations, the macro-cell current histories (discussed
above) provided a clearer indication of corrosion initiation.

The initial HCP values (at t = 0) in Fig. 7, when the rebars in
SHCC beams were in the passive state, were noticeably more neg-
ative than those observed for conventional concrete (typically, HCP
for sound concrete specimens ��200 mV [68]). Assuming that the
oxygen diffusion through the SHCC cover determines the corrosion
rate, the above observation is explained by the SHCC’s denser
microstructure compared to conventional concrete, which limits
the diffusion of oxygen [19]. For the same reason, the HCP values
of SHCC beams showed periodic fluctuations that were associated
with changes in oxygen access during wetting/drying cycles. Dur-
ing the wetting cycles, the oxygen access was limited and the
HCP values became more negative [13,19]. Further discussion
about the effect of oxygen concentration on the HCP readings is
presented in Poursaee and Hansson [13].

3.1.3. Tafel tests
Upon detection of corrosion initiation (based on the macro-cell

current), each SHCC specimen was subjected to a Tafel test, prior to
sectioning. The Tafel plots of all the seventeen SHCC beam speci-
mens are shown in Fig. 8. The Tafel plots of the four beams that
showed the highest corrosion current densities are shown with
colored lines, and the remaining thirteen plots are shown using
gray lines. The results of Tafel fits, Ecorr and Icorr (explained in Sec-
tion 2.4.3), for all the specimens are given in Table 4. The Ecorr val-
ues ranged from �0.571 V to �0.392 V and the Icorr values ranged
from 0.12 mA/cm2 to 1.38 mA/cm2. The exposed area of the top
rebar, equal to 81 cm2 (2prh = 2p � 0.635 � 20.3), was used to cal-
culate the corrosion current densities (current/area) of all the spec-
imens. The results obtained from the Tafel fits, particularly Icorr,
will be used in Section 4 to determine the threshold corrosion cur-
rent density for this SHCC that marks the beginning of corrosion of
the embedded rebar.

3.2. Sectional analysis

After conducting the Tafel tests, the SHCC beam specimens were
sectioned as shown in Fig. 9. The specimen cap and the remaining
part of an SHCC specimen are shown at the top and bottom of Fig. 9



-9 -8 -7 -6 -5 -4 -3 -2
Logarithmic current (log10A)

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

Po
te

nt
ia

l (
V 

w
rt 

C
SE

)

B1
B6
B12
B13

Fig. 8. Tafel test results of seventeen SHCC specimens.
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(also refer to Fig. 4 to see the location of the section cut). Due to
non-uniform chloride diffusion along the length of the rebar, the
rebar trace (impression of the rebar on the specimen cap) was
divided into 8 equal regions (area of 25 mm � 13 mm, depth of
0.5 mm) to collect SHCC sample powders. The total chloride con-
tents determined from titration in these 8 regions are shown in
Fig. 9 (refer to the bar chart). The chloride contents in the regions
with pitting corrosion (anodic zones with visible brown corrosion
products) were always greater than those from regions with no
corrosion (cathodic zones), which is expected for chloride-
induced corrosion [12].

The average chloride contents, number of corrosion pits (NP),
average pit depth (APD), and maximum pit depth (MPD) for all
the SHCC beam specimens are summarized in Table 4. The average
chloride content was determined by taking the average of the chlo-
ride contents observed from the regions containing corrosion pits
(anodic zones). For instance, for the SHCC beam specimen shown
in Fig. 9 (B17), the chloride contents determined from the powders
collected in region numbers 6 (0.140%) and 7 (0.170%) were aver-
aged to determine the reported average chloride content of 0.155%
Fig. 9. Representative sectioned SHCC beam specimen (B17) s
in Table 4 (chloride contents in other regions were not included in
this calculation). The average chloride contents for the seventeen
SHCC beam specimens varied from 0.036% to 0.298% of the SHCC
sample powder weight (or 0.14% to 1.17% of the cement weight),
respectively. The APD varied from 20 mm to 151 mm and the MPD
varied from 22 mm to 167 mm. In some specimens the difference
between the MPD and APD was relatively high, which is caused
by the inherent inhomogeneity of SHCC at the micro-scale. This
inhomogeneity caused higher chloride diffusion at some locations
of the rebar compared to others, resulting in a significant differ-
ence between MPD and APD at those locations.
4. Proposed method for Ccrit determination

In the method proposed in this article, the chloride contents and
corrosion pit depths from multiple specimens are analyzed collec-
tively for determining Ccrit. The average chloride contents, [Cl�], at
the rebar-SHCC interfaces are plotted against average pit depths
(APD) (listed in Table 4) for all the seventeen SHCC beams, as
shown in Fig. 10 (a). This figure depicts a linear correlation
between [Cl�] and APD. Such a correlation is reasonable, especially
during the early stages of corrosion, as the chloride ions depassi-
vate the rebars (in later stages, pits may grow faster in diameter
than in depth [69]). The blue solid line in Fig. 10(a) represents
the linear best-fit (using the least square error method). The corre-
lation between [Cl�] and APD is strong as demonstrated by a high
Pearson correlation coefficient (r) of 0.89 (coefficient of determina-
tion, R2 = 0.79). Furthermore, the p-value of this correlation at the
confidence level of 95% is 2.1 � 10�6 (<0.05), which shows that the
correlation is statistically significant. Similar to the [Cl�]-APD cor-
relation, the variables [Cl�] and MPD are also correlated linearly, as
shown in Fig. 10(b), with the Pearson correlation coefficient of 0.86
(R2 = 0.74) and the p-value of 8.0 � 10�6 (statistically significant) at
the confidence level of 95%.

At the time of corrosion initiation, the pit depth should
approach zero, and therefore, conceptually the y-intercept of the
linear best-fit for the [Cl�]-APD correlation should render Ccrit.
Due to the uncertainty associated with the estimation of the y-
intercept, the 95% confidence intervals (CI) of Ccrit are calculated
using the method described in ASTM G16 [70]. Based on these cal-
culations, the Ccrit for this rebar-SHCC system is estimated to be in
howing the chloride contents (% of SHCC powder weight).
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the range of 0.054% ± 0.035% (95% CI) by the weight of the SHCC
powder (0.213% ± 0.138% of cement weight or 0.097% ± 0.063% of
binder weight).

As the Ccrit values for reinforced SHCC have not been reported in
the literature, the Ccrit obtained in this study is compared to the
published values for reinforced concretes with similar compressive
strength and chemical composition. Hope and Ip [71] reported Ccrit

of concrete (w/b = 0.45) in the range of 0.014% to 0.022% by weight
of the concrete. Trejo and Monteiro [72] reported Ccrit of a mortar
(w/b = 0.5) in the range of 0.05% to 0.24% by weight of the cement.
Fly ash accounts for about 56% by weight of the SHCC’s binder in
the current study. A comprehensive study on the influence of fly
ash on the Ccrit for reinforced concrete was conducted by Thomas
[40], in which it was reported that the Ccrit reduced with an
increase in fly ash content due to the reduction of the pH of the
pore solution. For fly ash to binder ratio of 50%, an average Ccrit

value of 0.20% of the binder weight was reported in that study
[40], which is near the upper bound of the range of the Ccrit esti-
mated in this study for reinforced SHCC specimens.

Similar to the [Cl�]-APD correlation, the Icorr from the Tafel tests
also correlates linearly with APD, as shown in Fig. 11. Using similar
terminology, the critical corrosion current density [Icorr(crit), y-
intercept] at corrosion initiation is estimated to be 0.14 ± 0.13 mA/
cm2 (95% CI). The Pearson correlation coefficient for this correla-
tion is 0.88 (R2 = 0.78) with a p-value of 1.9 � 10�4 (statistically
significant) at a confidence level of 95%. This Icorr(crit) range can
be used as a threshold for determining corrosion initiation using
the Tafel test results for SHCC beam specimens. It should be noted
that the linear relationship between Icorr and APD observed during
the early stages of corrosion might not remain valid in the later
stages. At a certain point, Icorr might decrease as the pit depths
increase and corrosion products accumulate on the surface of the
rebar, which insulates the pits and slows the movement of iron
ions from the bottom of the pit to the surface.

5. Conclusions

We have proposed a novel experimental method for estimating
the critical chloride content (Ccrit) corresponding to the initiation of
corrosion of rebars embedded in cementitious materials. The pro-
posed method is applied to the data from testing seventeen identi-
cal reinforced SHCC beam specimens subjected to alternate
wetting/drying cycles using a salt solution. We draw the following
conclusions based on the results of this study:

(1) At the initial stages of corrosion, a statistically significant
linear correlation exists between the concentration of chlo-
ride ions observed at the steel-SHCC interface and the aver-
age pit depths of the corroding rebars. The Ccrit can be
estimated by extrapolating the observed data to the inter-
cept of the chloride concentration with zero pit depth. We
assumed that corrosion is initiated at this point. The Ccrit

thus obtained for the SHCC specimens ranged from 0.054%
± 0.035% (95% CI) by weight of the SHCC powder (0.213% ±
0.138% of cement weight or 0.097% ± 0.063% of binder
weight). It should be emphasized that the Ccrit reported in
this study is valid only for this particular SHCC mixture
and changes in the mix ingredients/proportions are
expected to alter the value of Ccrit. To the authors’ knowl-
edge, this is the first study wherein Ccrit is estimated for an
SHCC.

(2) The proposed method addresses the limitations of the cur-
rent practice for determining Ccrit. While the accuracy of
the current practice relies heavily on the timely detection
of corrosion initiation, the proposed method does not
require observations to be made at the precise time of corro-
sion initiation by considering the corrosion pit depths
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observed at different chloride concentrations. In the pro-
posed method, it is sufficient to detect the neighborhood
of corrosion initiation, which is significantly easier than to
identify than the exact moment of corrosion initiation. For
the same reason, the proposed method is less sensitive to
the definition of corrosion initiation (threshold electrical sig-
nal) and the sampling interval of measurements. In addition,
the proposed method explicitly identifies the statistical
uncertainty associated with the estimation of Ccrit. In addi-
tion, other methods to detect corrosion initiation involve
periodic electrochemical measurements (e.g. LPR, EIS, and
Tafel tests) that are relatively destructive as an external cur-
rent (or potential) is imposed on the rebars, which may
damage the passive film. In contrast, our proposed method
uses periodic macro-cell measurements to detect the initia-
tion of corrosion without disturbing the electrical neutrality
of the rebars in the passive state.

(3) A statistically significant linear correlation was also
observed between the corrosion current densities (Icorr) of
rebars (obtained from the Tafel tests) and the average pit
depths during the initial stages of corrosion. This correlation
is used to determine the critical corrosion current density
[Icorr(crit)] of 0.14 ± 0.13 mA/cm2 (95% CI) corresponding to
corrosion initiation in SHCC specimens. This corrosion cur-
rent density can be monitored via the Tafel test.
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