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� Investigation of SHCC cover shells to mitigate rebar corrosion in RC structures.
� Rate of rebar mass-loss significantly reduced in specimens with SHCC covers.
� Inherent crack width control in SHCC (<100 lm).
� SHCC cover shells as effective in mitigating corrosion as entire SHCC specimens.
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Previous research has shown the effectiveness of Strain-Hardening Cementitious Composites (SHCC) in
mitigating corrosion-induced damage in reinforced-concrete (RC) structural members due to the inher-
ently limited crack widths of this material. The objective of this research is to investigate whether using
SHCC only in the cover of a RC member is as effective in mitigating corrosion-induced damage as using
SHCC in the entire member. Potentiostatic accelerated macro-cell corrosion experiments with wetting
and drying cycles were used to simulate corrosion-induced damage in four different types of cylindrical
specimens with steel reinforcement: type (a) made entirely with normal concrete, type (b) made entirely
with SHCC, type (c) made with a conventional concrete core and an intact SHCC shell, and type (d) made
with a conventional concrete core and a pre-damaged SHCC shell. Results show that the extent of corro-
sion damage, as measured by rebar mass loss over time, in types (b) and (c) is similar. Furthermore, in
spite of the pre-existing damage, type (d) specimens offer corrosion protection similar to type (a) spec-
imens. These results, combined with additional investigations on shrinkage and bond strengths between
SHCC and concrete, demonstrate the feasibility of using precast SHCC shells for effective mitigation of
corrosion in RC structures.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete is the world’s most widely used construction material;
however, reinforced concrete (RC) structures often suffer from
chloride-induced steel corrosion [1]. According to the National
Association of Corrosion Engineers (NACE), more than 10% of the
nation’s bridges in the United States (US) are structurally deficient
or functionally obsolete due to corrosion. The annual maintenance
cost of corrosion-damaged concrete bridges alone is estimated at
about $8 billion [2]. Every year, a significant amount of resource
consumption, CO2 emissions, and environmental hazards are
caused by the maintenance and repair activities associated with
corrosion-damaged RC infrastructure.

Steel rebars in RC structures are shielded from corrosion by a
passive iron-oxide layer that forms on the surface of rebars due
to the high alkalinity of the concrete pore solution [3]. However,
due to the inherent porosity of concrete, chloride ions (Cl�) can dif-
fuse through the concrete cover and break down the passive layer
over time. A particular amount of chloride concentration, called the
critical chloride content, must be built at the rebar-concrete inter-
face to depassivate the protective layer and initiate active corro-
sion [4]. The time needed to reach the critical chloride content is
known as the time to corrosion initiation, which is a function of
chloride diffusivity of the concrete cover, chloride concentration
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at the concrete surface, and thickness of the cover. Thus, the corro-
sion protection provided by the passive layer is lost at the end of
the initiation phase, which is followed by the propagation phase
of active corrosion, where corrosion continues in the presence of
water and oxygen at a faster rate [5].

The corrosion products normally occupy 3–6 times the volume
of the original steel removed due to corrosion [6], causing tensile
stress in the surrounding concrete. In the propagation phase of cor-
rosion, fracture toughness (or tensile strength) and tensile ductility
of the concrete cover determine the time between the start of cor-
rosion propagation and the appearance of crack(s) at the outer sur-
face of the concrete cover [7]. A cracked concrete cover provides
easy access for corrosive agents that accelerate the rate of corro-
sion in the propagation phase, and if not addressed at early stages,
it may result in rapid deterioration and catastrophic failure of the
RC structure.

As compared to conventional concrete, Strain-Hardening
Cementitious Composites (SHCC) have been shown to significantly
reduce the rate of corrosion propagation. SHCC is a class of polymer
fiber-reinforced cementitious composites with strain-hardening
behavior under tension and strain capacity greater than 1%. SHCC
shows multiple-cracking behavior under uniaxial tension with
the individual crack widths less than 100 lm [8,9]. Previous
research on the transport properties of SHCC conclude that even
at the saturated multiple cracking stage (strained up to 3%), SHCC
shows water permeability and effective chloride ion diffusivity
similar to undamaged conventional concrete. This is possible due
to the intrinsically tight crack width, which makes SHCC a signifi-
cantly more durable alternative to conventional concrete [10,11].
Although the construction industry has shown interest in using
SHCC, the relatively higher material cost compared to conventional
concrete (about three times more expensive) and the need for spe-
cial processing have been barriers to the widespread use of SHCC in
large-scale projects. Therefore, it is necessary to find structural
applications that maximize the benefits of using SHCC per unit vol-
ume of a structural member.

Limited research has been performed on the application of pre-
cast jackets made with ultra-high performance concrete (UHPC)
and SHCC to improve the durability and overall structural perfor-
mance of RC members [12–14]. It has been shown that under an
extreme tensile load, large individual cracks in conventional con-
crete would turn into multiple micro-cracks with crack widths less
than 100 mm in the SHCC jacket [15]. Given that the SHCC jacket
can also serve as the cover of the composite member, this tight
cracking contributes to a low chloride diffusion coefficient and
hence provides a better protection for steel rebars compared to a
conventional RC member subjected to extreme loads [16]. It has
also been observed that UHPC and SHCC provide superior bond
strengths with conventional concrete, which makes them suitable
for repair/rehabilitation purposes [17,18].

This research investigates the effectiveness of using precast
SHCC cover shells to protect RC structural members from
corrosion-induced damage, primarily in the corrosion-
propagation phase. The specific objectives of this research are:
(1) to investigate whether using SHCC only in the cover of RC struc-
tural members is as effective in reducing corrosion as using
reinforced-SHCC structural members (made entirely with SHCC),
(2) to investigate the effect of damage in SHCC cover shells (as
micro-cracks) on their ability to reduce corrosion rate, and (3) to
investigate the quality of the SHCC-concrete interface through
bond and shrinkage measurements.

This study uses an empirical approach to achieve the aforemen-
tioned objectives. Potentiostatic accelerated corrosion tests (ACT)
[19,20] were performed on four different types of reinforced cylin-
drical specimens: type (a) made entirely with normal concrete,
type (b) made entirely with SHCC, type (c) made with conventional
concrete core poured inside a precast SHCC shell, and type (d) sim-
ilar to type (c) but with a pre-damaged SHCC shell. Type (d) simu-
lates the cover damage likely to occur to a precast member by
factors other than corrosion such as during handling and trans-
portation. In addition, free shrinkage of concrete and SHCC was
determined, and the bond between the two materials was mea-
sured to assess the quality of the SHCC-concrete interface. Further
details of the experimental investigation including the materials,
experimental setups, and procedures are discussed in Section 3
of this paper. The results, in the form of anodic current, rebar
mass-loss, and hoop strain (measured on the surface of the speci-
mens), are reported as functions of time along with the observa-
tions of average crack widths and damage patterns of specimens.
This is followed by a detailed discussion of results and conclusions.
2. Research significance

This research explores the feasibility of extending the service
life of RC infrastructure using novel precast SHCC cover shells. It
efficiently utilizes the crack control ability of SHCC by using it only
in the cover of an RC structural member. Use of SHCC addresses the
fundamental problem of brittleness and large cracks in concrete.
The wetting-drying cycles used in this research provide more real-
istic results compared to the common practice of partially sub-
merging the specimens in a salt solution. Although cylindrical
specimens were specifically used in this study, the same approach
can be used to protect RC structures with different geometries. The
present study goes a step further in its attempt to understand
the behavior of SHCC during the propagation phase of corrosion.
The presented results will form the basis for future development
of analytical/numerical models to optimize the material properties
and thickness of the cover necessary to achieve 100-year or longer
service life.
3. Experimental investigation

3.1. Mixture proportions and mechanical properties of materials

The concrete mix used in this study was designed according to
the ACI 211.1 [21] guideline to achieve a 28-day average compres-
sive strength of 41 MPa. The ingredients used in concrete mixture
are: ASTM Type I cement, coarse aggregates (mainly limestone)
with a nominal maximum aggregate size of 19 mm, and natural
sand with fineness modulus of 2.8. Multiple batches of concrete
were prepared according to ASTM C192 [22] using a gravity mixer
of 0.1 m3 capacity. Material properties of ingredients used in the
SHCC and concrete mixtures and the mixture proportions are pre-
sented in Table 1. Fresh and hardened properties of concrete were
measured for quality control. The slump and air content were
determined based on the relevant ASTM standards [23,24] for each
batch of concrete. The measured slump values were within the tar-
get range of 100 mm to 125 mm, and the air contents ranged from
1.5% to 2%. From each batch of concrete, at least four cylinders of
75 mm diameter and 150 mm height were cast to determine the
average compressive strength. All batches of concrete developed
a 28-day average compressive strength of 39 MPa to 45 MPa.

The SHCC mixture used in this study (Table 1), is a slight mod-
ification of a widely used SHCC mixture developed by Wang and Li
[25]. The ingredients used in the cementitious matrix of SHCC are:
Type-I cement (conforming to ASTM C150 [26]), class F fly ash
(conforming to ASTM C618 [27]), and fine silica sand [28] with
maximum, minimum, and median particle size of 300 lm,
70 lm, and 180 lm, respectively. While cement (and water) is
the primary binder in SHCC, fly ash is used as a secondary binder
that reacts with the by-products of cement hydration. The unre-



Table 1
Properties of raw materials and mixture proportions of concrete and SHCC relative to cement weight.

Cement Type-I Fly ash Class-F Fine sand Coarse agg. Fine agg. Water HR-WRA1 VMA2 PVA fibers

Concrete 1 – – 1.92 1.35 0.41 – – –
SHCC 1 1.2 0.82 – – 0.84 0.010 0.024 0.049
Particle size range 5–50 mm 5–50 mm 70–300 mm 1.8–19 mm 0.1–3.9 mm – – – –
Specific gravity 3.15 2.40 2.60 2.71 2.52 1 1.20 1.00 1.30

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

Fig. 1. Uniaxial tensile behavior of four SHCC dogbone specimens.
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acted fly ash particles in the matrix work as fillers supplementing
the primary aggregate, which is the fine silica sand. The weight
ratio of the fly ash to cement was 1.2. The water to cementitious
(cement + fly ash) weight ratio (w/cm) was 0.38, which is greater
than that used in Wang and Li [25] due to high water demand of
the fly ash used in this study. Table 2 shows the chemical compo-
sition of the fly ash used in the SHCC mixtures.

The SHCC matrix was reinforced with polyvinyl alcohol (PVA)
fibers at volume fraction of 2% of the total composite volume.
The properties of the PVA fibers as provided by the manufacturer
are given in Table 3. The PVA fibers are coated with a thin oil coat-
ing (1.2% by weight of the fiber) during the manufacturing process
to tailor the fiber/matrix bond. A Type S (ASTM C494 [29])
viscosity-modifying admixture (VMA) [30] and a Type F (ASTM
C494 [29]) polycarboxylate ether-based high-range water-
reducing admixture (HRWRA) [31] were added to the SHCC mix-
ture in small amounts to achieve desired rheological properties
for a homogeneous fiber dispersion. Further details about the
material design of SHCC and the relevant micromechanics princi-
ples are available in the literature [8,32–34].

Similar to concrete, multiple batches were cast for making all
the SHCC specimens in this study and the fresh and hardened prop-
erties of SHCC were measured in each batch for quality control. The
workability of the SHCC batches was measured using a flow table
according to the ASTM C1437 standard [35]. The average flow
diameter ranged from 225 mm to 250 mm. The air content of SHCC
mixtures, measured according to ASTM C231 [23], ranged from 2%
to 2.6%. To determine the mechanical properties of each SHCC
batch, three 51 mm � 51 mm cubes and four dogbone specimens
were cast. The dogbone specimens have a uniform thickness of
13 mm and their overall length is 305 mm. The width of these
specimens is 76 mm in the grip region and it narrows to 51 mm
in the middle gauge region that has a reference length of
102 mm. The dogbone and cube specimens were demolded 24 h
after casting and were cured for 14 days in a moist environment
created by wet paper towels and airtight bags. Subsequently, the
specimens were unwrapped and dried at room temperature
(20 ± 3 �C) until the age of 28 days after casting, at which point
they were tested. The average 28-day compressive strength of
the SHCC cubes was about 34 MPa (it ranged from 32 MPa to
37 MPa). Representative tensile stress-strain curves of SHCC from
Table 2
Chemical analysis of as-received fly ash (wt. %).

SiO2 Al2O3 Fe2O3 SO3 CaO

47.1 23.7 20.6 0.5 3.3

1 LOI = Loss of ignition.

Table 3
Mechanical and dimensional properties of PVA fibers.

Diameter Length Tensile strength Y

39 lm 12 mm 1,600 MPa 4
various batches are shown in Fig. 1. This plot shows that the first
crack strength of SHCC ranged from 2.5 MPa to 3.0 MPa, the ulti-
mate strength ranged from 4.1 MPa to 5.0 MPa, and the tensile
strain capacity ranged from 2.1% to 2.7%.

3.2. Accelerated corrosion test (ACT)

3.2.1. ACT specimen preparation
Reinforced concrete/SHCC cylindrical specimens of size

152 mm � 305 mm (diameter � height) were prepared for the
accelerated corrosion tests. All cylinders were identically rein-
forced with three longitudinal steel rebars (without any coating)
of diameter 9.5 mm (US #3 rebars). Steel wires with a diameter
of 3.2 mm were used as spiral shear reinforcement. A wire brush
was used to clean and remove any rust/contamination from the
surface of the reinforcement cage, and concrete or SHCC (depend-
ing on the specimen type) was poured immediately thereafter. The
longitudinal bars were suspended 25 mm above the base of the
MgO Na2O K2O Moisture LOI1

0.9 0.5 1.9 0.1 1.7

oung’s modulus Elongation at break Density

1 GPa 6% 1.3 g/cm3
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cylinders to provide a greater vertical cover depth than the lateral
cover depth so that the majority of ionic movements occur laterally
during the ACT (details of the ACT are presented in the following
section).

Four types of reinforced concrete/SHCC cylindrical specimens
(whose reinforcement is described above) were made with three
specimens for each type, resulting in 12 specimens overall. The
types of specimens are based on the materials used, as presented
in Fig. 2. Type (a) cylinders (control specimens) were made entirely
with normal Concrete, named C1, C2, and C3. Type (b) cylinders
were made entirely with SHCC, named S1, S2, and S3. Types (c)
and (d) specimens had cylindrical concrete cores with a diameter
of 127 mm, cast inside precast SHCC cover shells with thickness
of 13 mm. The difference between types (c) and (d) was the condi-
tion of the SHCC cover shell. While the SHCC shells of type (c) spec-
imens were Intact (undamaged), the SHCC shells of type (d)
specimens were pre-Damaged (by pre-straining). The types (c)
and (d) specimens were named I1, I2, and I3, and D1, D2, and D3,
respectively. The precast SHCC cover shells can be potentially used
as permanent formwork for RC structural members. Therefore, the
damage in SHCC shells of type (d) specimens is intended to simu-
late non-corrosion-related damages, e.g. during shipping, handling,
Fig. 2. Specimen cross sections (a) all concrete (b) all SHCC (c) concrete core with intact S
into a precast SHCC shell (f) a finished specimen with SHCC shell and concrete core.
and placement of SHCC cover shells. The molds and casting process
of all types of specimens are described below.

Steel tube molds with dimensions of 152 mm � 305 mm (inner
diameter � height) were used to cast specimens of types (a) and
(b). To ensure that the three longitudinal steel bars remain equidis-
tant from the center of the mold during casting and vibration pro-
cesses, steel brackets were used to temporarily weld the
prefabricated reinforcement cage to the top of the steel tube. This
step was necessary to ensure a uniform cover thickness. Types (a)
and (b) specimens were cured in a moist environment at room
temperature (20 ± 3 �C) for 38 days, followed by 7 additional days
of air-curing at room temperature.

The overall specimen preparation for types (c) and (d) speci-
mens can be divided into three stages in which stages 1 and 3
are identical for both types of specimens and stage 2 is only to pro-
vide mechanical damage in type (d) specimens. In stage 1, the
SHCC shells with a thickness of 13 mm were precast using concen-
tric steel tubes. After 24 h of curing in the mold, the outer steel
tube was removed while the inner steel tube remained inside the
SHCC shell. Because of slight shrinkage in SHCC shells, bond was
developed between the shell and the inner steel tube, which held
them tightly together. The SHCC shells were cured for 13 days
HCC shell (d) concrete core with pre-damaged SHCC shell (e) insertion of rebar cage
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under moist conditions using wet paper towels covered by plastic
bags at room temperature (20 ± 3 �C). Afterward, the SHCC shells
were air-dried for 24 h, and on the 15th day since casting, three
strain gauges with a gauge length of 90 mm were installed at
mid-height on the outer surface of the SHCC shells, as shown in
Fig. 2(f).

In stage 2, on the 16th day, 3 out of 6 SHCC shells were pre-
damaged by uniaxially compressing the inner steel tube. Due to
the Poisson’s effect, the inner steel tube expanded creating a uni-
form tensile hoop stress in the SHCC shell. The steel tubes were
compressed until the average tensile hoop strain, measured by
the three strain gauges, was 0.1%, which is beyond the elastic limit
of SHCC causing a few visible micro-cracks (with the crack widths
smaller than 100 mm) in the SHCC shells.

In stage 3, the inner steel tube was removed from all SHCC
shells that were in turn used as molds to hold the reinforcement
cage (shown in Fig. 2(e)), and the conventional concrete cores
were cast inside these precast SHCC shells on the 17th day. All
the specimens were cured in a moist environment at room tem-
perature for additional 21 days [38 days since casting similar to
the specimens of types (a) and (b)], followed by air-curing for
7 days at room temperature. During the air-curing period, three
new strain gauges were installed on the surface of each cylinder
and sealed by waterproofing silicone gel to prevent penetration
of the salt water inside the strain gauge connections during
the ACT. Finally, at the top face of each specimen, about
25 mm of the protruding steel rebars were coated with epoxy
[shown in Fig. 2(f)] to avoid crevice corrosion and ion migration
through the top surface of the cylinders. At this point, the spec-
imens were ready to undergo the accelerated corrosion tests as
described below starting on the 45th day since casting.
(b)

Fig. 3. Accelerated corrosion test (a) schematic view (b) photograph of actual test
setup.
3.2.2. ACT experimental setup
For rapid simulation of corrosion, potentiostatic accelerated

macro-cell corrosion experiments with alternate wetting and
drying cycles were performed on cylindrical specimens, using
the experimental arrangement shown in Fig. 3. Instead of keep-
ing the specimen constantly submerged in a salt solution, expo-
sure to chloride ions was provided through polyurethane
sponges soaked in salt solution, wrapped around the cylindrical
specimens. The salt solution contained 5% by weight of sodium
chloride (NaCl). The sponges were allowed to partially dry at
room temperature and were re-wetted by the salt solution once
every 24 h to provide wetting and drying cycles. An irrigation
system is used to saturate the sponge with salt solution during
the wetting process. The wetting-drying cycles more closely sim-
ulate the field condition than the commonly used partial-
submersion of specimens in salt solution, as drying allows access
to oxygen. A corrosion-resistant AISI type 316 stainless steel
mesh tightly rolled around the sponge serves as the cathode
for macro-cell corrosion. The three longitudinal rebars of each
cylindrical specimen were connected by wires and worked
together as the anode.

In order to minimize the effect of capillary absorption (at the
surface of cylindrical specimens) on the initial current readings,
the pores of the cover concrete/SHCC were saturated with water
24 h prior to the start of ACT. Finally, a potential of 10 V was
applied to all the specimens by connecting the positive terminal
of the DC power supply to the rebars (anode) and the negative ter-
minal to the stainless steel mesh (cathode). During the ACT, the
anodic corrosion-current was recorded every 10 min using a wire-
less current data logger that has a range of ±3 A and a resolution of
0.1 mA. The hoop strains in the strain gauges, applied on the outer
surface of the cylinders, were recorded every 10 min using a digital
data acquisition system (DAQ).
3.3. Bond test

The interfacial bond between the precast SHCC shell and the
concrete core was examined to determine the possibility of
debonding that could lead to severe durability issues. In the litera-
ture, the main experimental techniques to determine the bond
strength between two different concrete materials are: slant-
shear test, direct tension test (pull-off), direct shear test (bi-
surface), and splitting tensile test [36]. Among these techniques,
the slant-shear test [37] is the most widely-used method primarily
due to its simple setup [18,38]. However, the mode of loading
(shear and compression) in this test is different from the tensile
debonding of SHCC-concrete interface expected in the intended
application. Another limitation is that the standard slant-shear test
[37] requires casting of concrete as substrate prior to the casting of
the other material as an overlay. This is different from the
sequence of casting the ACT specimens with SHCC shells. In spite
of these limitations, the slant-shear test is used to assess the qual-
ity of the SHCC-concrete bond in this study as it provides a means



H. Fakhri et al. / Construction and Building Materials 224 (2019) 850–862 855
to compare the bond strength with the existing literature (Sah-
maran et al. [18]) and guidelines (ACI 546-R [38]).

Twenty SHCC-concrete composite cylindrical specimens of size
76 mm � 152 mm (diameter � height) were cast for the
slant-shear bond test using the procedure of ASTM C 882 [37].
The casting of these specimens was performed as follows. First,
the concrete cylinders of size 76 mm � 152 mm were cast and
cured in sealed molds for 24 h. After demolding, the specimens
were cured for 28 days under moist conditions at room tempera-
ture (20 ± 3 �C) followed by seven days of drying at room temper-
ature and humidity. Subsequently, concrete half-cylinders were
cut from the full cylinders according to ASTM C882 [37]. A smooth
cut was ensured so that the roughness caused by cutting has min-
imum effect on the bond strength results. In the next step, cut con-
crete (substrate) half-cylinders were placed inside cylindrical
plastic molds, as shown in Fig. 4(a), and the fresh SHCC mixture
(overlay) was poured into the molds. The composite specimens
were demolded after 24 h and cured in a moist environment at
room temperature until the target testing age. Fig. 4(b) shows a
composite slant-shear specimen shortly after demolding.

The composite cylinders were tested under uniaxial compres-
sion, according to ASTM C39 [39], at the different SHCC (overlay)
curing ages of 1 day, 7 days, 28 days, 56 days, and 90 days. Four
specimens were tested at each age. Prior to conducting the com-
pression tests on the slant-shear cylinders, the specimen ends were
capped with sulfur, according to ASTM C617 [40], to provide a uni-
form contact between the cylindrical specimen and the loading
plates of the compression-testing machine. The compressive load-
ing rate for all the 20 composite specimens was 0.2 ± 0.05 MPa/s,
and the test setup is shown in Fig. 4(c).

3.4. Shrinkage test

As mentioned above, the bond strength obtained from a slant-
shear test (under a combination of compression and shear forces)
is not the same as the bond between a precast SHCC cover and
the concrete core, which have a vertical interface. Therefore, the
slant-shear test results are supplemented with the observations
of drying shrinkage of the two materials to assess the quality of
the interface between them adequately.

In this study, the free drying shrinkage of SHCC and concrete
was determined according to the procedure of ASTM C157 [41].
Steel molds with dimensions of 76 mm � 76 mm � 254 mm and
Fig. 4. Slant-shear test (a) concrete half cylinder (su
25 mm � 25 mm � 254 mm were used to cast the conventional
concrete and the SHCC shrinkage specimens, respectively (accord-
ing to ASTM C490 [42]). Due to the absence of coarse aggregates in
SHCC, small molds are suitable for measuring free shrinkage in
SHCC. Four concrete and four SHCC beams were cast using the
above molds. After casting, molds were sealed by plastic sheets
to maintain a humid environment for 48 h. The longer curing time
in the molds was necessary to obtain the sufficient strength
required for proper removal of the specimens from the steel molds.
The specimens were demolded after 48 h and cured in lime-
saturated water for another 24 h according to ASTM C596 [43].

A standard length comparator was used to measure the lengths
of all the shrinkage specimens at this point, which served as the
initial comparator reading for subsequent length change measure-
ments (to calculate free shrinkage). Beyond this point, the speci-
mens were air-cured at room temperature (20 ± 3 �C) and
humidity (RH 50 ± 4%). The second and third length readings were
taken using the comparator at the ages of 4 and 7 days since the
initial comparator reading (starting of air storage), respectively.
Afterwards, the lengths of the shrinkage specimens were measured
every 7 days up to 60 days, and then the interval was increased to
30 days up to the age 365 days since the initial comparator
reading.

4. Results and discussions

4.1. Anodic current

The ACT was performed for 16 days (384 h) on all cylindrical
specimens, and the observed variations of anodic current with time
are plotted in Fig. 5. For clarity, the current-time curves are shown
in two plots in Fig. 5. The plot (a) shows the current-time variation
for the specimens of type (a): all concrete and type (b): all SHCC.
The plot (b) shows the current-time variation for the specimens
of type (c): intact SHCC shells with concrete cores and type (d):
pre-damaged SHCC shells with concrete cores. During the ACT,
while electrons carry the charge through the wires, ions carry the
charge through the electrolyte that is a combination of the salt
solution and the concrete pore solution. Periodic current spikes
(or sudden increases) are visible in all the 12 curves in Fig. 5. These
anodic current spikes occur every 24 h when the polyurethane
sponge surrounding a cylindrical specimen is wetted with fresh
salt solution. The magnitudes of current spikes are larger for type
bstrate), (b) composite specimen, (c) test setup.
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(d) specimens with pre-damaged SHCC shells compared to other
specimens because the added salt solution rapidly saturates the
micro-cracks in the SHCC shell, providing a momentary low-
resistance path for ion migration. As the sponge dries, the anodic
current returns to its long-term trend.

The resistance of the SHCC or concrete cover is influenced by
several factors. Concrete and SHCC both have extremely high resis-
tivity of the order of 101–105 X-m. The only significant carriers of
electric current in these materials are charged ions (e.g. anions
such as OH�, SO4

�2, and cations such as Na+, K+, Ca+) in the pore
solution. The ions move through the pore structure under either
a concentration gradient (diffusion) or an electric field (ion migra-
tion). While diffusion governs the ionic movement under natural
conditions, ionic migration due to applied potential governs the
ionic movement in the ACT. The mechanisms that improve
the ionic mobility reduce the resistance of the cover and increase
the measured anodic current. Apart from the above, the cracks in
cover, formed due to rust expansion or pre-damage, can ease the
permeation of the salt solution lowering the resistance of the
cover.
As the same potential was applied to all the specimens under-
going ACT, the difference in anodic currents of various specimens
is mainly due to the difference in resistance of the specimen covers
to ionic movements. At the beginning of ACT, all the specimens of
types (b), (c), and (d), which had their rebars covered by the SHCC
covers, showed lower current values (52 mA � 180 mA) in compar-
ison to the type (a) control specimens (233 mA � 284 mA) with
concrete cover. The observed lower values of initial currents, at
0 h, in types (b), (c) and (d) specimens can be explained by greater
electrical resistance offered by the denser microstructure (lower
permeability) of the SHCC that does not contain any coarse aggre-
gates and has lower water/binder ratio compared to concrete.

Type (d) specimens showed slightly higher initial currents
(average = 160 mA) in comparison to the type (b) (aver-
age = 73 mA) and type (c) specimens (average = 119 mA). This is
explained by the presence of intentionally produced micro-cracks
in type (d) specimen covers, which were saturated with salt solu-
tion just before starting ACT that lowered the initial electrical
resistance of the SHCC shells. Despite the presence of the micro-
cracks, the average of initial currents for type (d) specimens was
about 100 mA lower than that of type (a) control specimens made
entirely with concrete. As the damaged SHCC shells show greater
electrical resistance (lower initial currents) compared to conven-
tional concrete, they can delay the time-to-corrosion initiation fur-
ther than conventional concrete in case of natural corrosion.

During the first 100–200 h of ACT, an overall upward trend in
the anodic current with time is observed for all specimens. In type
(a) specimens made entirely with concrete, this can be attributed
to the development of ionic paths through the pore structure in
the concrete cover. At about 50 h, the slopes of the current-time
curves of all the type (a) specimens increase, which is caused by
the formation of a macro-crack in the cover of each specimen. This
is verified by periodic visual inspections as well as concurrent
increases in slopes of the average strain versus time curves of these
specimens discussed below in Section 4.3. Once a crack is formed
in the unreinforced concrete cover, its opening can increase unre-
stricted. The anodic current values of type (a) specimens reach
local maxima at about 60–80 h followed by a plateau. The anodic
current increases again beyond the plateau as more cracks are
formed in the concrete cover. As the corrosion products build up
within the concrete cover cracks and around the rebars, it slows
down the ionic movements causing the current-time curve to pla-
teau beyond 200 h. Ultimately, the anodic current decreases with
time beyond 300 h for type (a) specimens due to the severe
build-up of corrosion products around the rebar and in cracks,
which is consistent with the literature [44–46].

Similar to the type (a) specimens, the type (b) specimens made
entirely with SHCC also showed an increase in anodic current with
time, although at a significantly slower rate. Unlike concrete spec-
imens that form large cover cracks, only micro-cracks are formed
in type (b) specimens with crack openings restricted under
100 lm due to effective crack bridging by the fibers in SHCC. As
a result, the increase in current with time is more gradual as com-
pared to the type (a) concrete specimens. Correspondingly, the
average strain, discussed below in Fig. 8, at a given time on the
outer surface of type (b) specimens is significantly smaller than
type (a) specimens, which also indicates reduced corrosion. As
the experiment continues, the number of micro-cracks increases
(instead of increasing crack openings of individual cracks) to
accommodate the expansion of corrosion products. Similar to type
(a) specimens, the clogging of cracks by the corrosion products in
type (b) specimens causes the anodic current to plateau toward
the end of the test.

Type (c) specimens performed similarly to type (b) specimens,
and significantly better than the type (a) specimens. In the first
50 h, the rate of current increase in type (c) specimens is lower
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than type (b) specimens. However, beyond 60 h, the slopes of the
current-time curves in the two types of specimens become the
same. Unlike type (b) specimens, which show nearly identical
current-time plots, type (c) specimens show more variation during
the ACT. Although the exact reason for this variation is unknown, it
might be associated with lesser homogeneity in the covers of type
(c) specimens. Given that there is a small gap between the rebars
and the SHCC shell (for fitting the rebars), the cover consists of
SHCC shell plus about 2 mm of concrete. Random formation of lar-
ger cracks in the concrete part of the cover, adjacent to the rebars,
might have caused the variation in the current-time curves of the
type (c) specimens; however, further research is needed to investi-
gate this hypothesis. Similar to the specimens of types (a) and (b),
the cover cracks in type (c) specimens fill with corrosion products
beyond 200 h causing the anodic current to plateau toward the end
of the ACT.

The rate of increase in anodic current with time is initially
greater in type (d) specimens with concrete cores inside pre-
damaged SHCC cover shells compared to type (c) specimens with
undamaged SHCC cover shells. This is due to the presence of the
micro-cracks in pre-damaged SHCC shells that, when saturated
with salt solution, provide easier path for the movement of ions.
The current-time curves for the type (d) specimens reach their
maximum values earlier than that for the type (c) specimens.
The number of micro-cracks that can be formed in the SHCC shell
is finite, determined by the minimum crack spacing and the
perimeter of the SHCC shell. The pre-damaged shells (with prior
micro-cracks) therefore reach local crack saturation before the
intact shells, which is the time when peak anodic current is
observed.

The above explanation is supported by the observation that the
overall peak anodic currents of all the 6 specimens of types (c) and
(d) are observed consistently at the time when average strain
recorded at the outer surface is about 0.15-0.2% (discussed in
Section 4.3). Although this is rather low strain compared to the
tensile strain capacity of SHCC (>1%), the strains were measured
with long-gauge (90 mm) strain gauges that extend well beyond
the zone of concentrated cracking near the rebar. Although SHCC
diffuses the cracking away from the rebar, the majority of tensile
strain and cracking still occurs at the rebar location. Thus, the local
strain near the rebars can be significantly greater than the average
strain measured by the strain gauges.

After reaching the respective peak current values, all the speci-
mens of types (c) and (d) exhibit a plateau followed by a reduction
in the anodic current. With almost no new visible micro-crack for-
mation at the surface (surface pictures were taken at regular inter-
vals), the existing micro-cracks open more during this time to
accommodate the expanding rust. Due to self-controlled tight
crack widths of SHCC, the corrosion products fill the micro-cracks
and block the permeation of the salt solution. Additionally, the cor-
rosion products build-up around the rebars limiting the access to
water and oxygen. As a result, beyond 300 h, the current starts to
decrease significantly indicating an increase in resistance.

4.2. Rebar mass-loss

Using Faraday’s law of electrolysis given in Eq. (1), the area
under the anodic current (i)-time curve is computed to determine
the mass-loss of rebar (m) as a function of time. In Eq. (1), A is the
atomic mass of iron (56 g/mole), Z is the number of electrons
released when one iron atom converts to the iron ion (equal to
2), F is the Faraday’s constant or charge carried by 1 mol of elec-
trons (96,500 Coulomb/mole), and t is the time of the ACT in sec-
onds. Eq. (2) is used to convert m into Dm which represents
mass loss as a percentage of the total initial mass of embedded
rebars in the specimen (M), which was approximately equal to
680 g (longitudinal + transverse) for the reinforcement used in this
study.

m ¼ A
Z � F

Zt

0

idt ð1Þ
Dm ¼ m
M

� 100% ð2Þ

The percentage mass-loss of rebars versus time curves for all
the specimens are plotted in Fig. 6. For the first 60–100 h, the rate
of rebar mass loss (slopes of the curves) is slower compared to the
later stages of the ACT when the formation of cracks in the cover
increases the rate of rebar mass-loss. This is more evident for types
(b) and (c) specimens with intact SHCC covers that showed signif-
icantly lower initial corrosion rates. As shown in Fig. 6, all the
twelve specimens exhibit an almost constant rate of rebar mass
loss (constant slope) with time beyond 3% rebar mass-loss. These
constant rates for types (a), (b), (c), and (d) specimens are 0.079,
0.057, 0.064, and 0.075%/hour, respectively.
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The averages of rebar mass-loss for each type of specimen at
48 h, 96 h, 192 h (half the duration of ACT), and at 384 h (end of
ACT) are shown in Fig. 7. Types (b) and (c) specimens with intact
SHCC covers show lower rebar mass-loss compared to type (a) con-
crete specimens at all observation points. This shows that SHCC
cover shells significantly reduce the corrosion of rebars in the
propagation phase compared to concrete. Furthermore, the differ-
ence in average mass-loss of rebars between types (b) and (c) spec-
imens is less than 1% at all times. This shows that using SHCC only
in the cover of RC structural members is as effective in reducing
corrosion as using reinforced-SHCC structural members (made
entirely with SHCC). Although the type (d) specimens with pre-
damaged SHCC shells show greater mass-loss than types (b) and
(c) specimens, their average rebar mass-loss is slightly lower than
type (a) concrete specimens. Overall, the results show that the
SHCC shells are able to effectively limit corrosion in the propaga-
tion phase.

4.3. Hoop strain and damage pattern

The average of strains obtained from the three strain gauges
installed at mid-height on the outer surface of each specimen is
the average hoop strain, and its variation over time is plotted in
Fig. 8. However, the average strain can be calculated only until
the point when one of the strain gauges breaks (due to large crack
opening) or becomes ineffective due to salt penetration inside its
insulation coating. As a result, the hoop strain-time data is termi-
nated at different times for various specimens depending on the
time at which the first strain gauge is lost. In Fig. 8, we observe that
the hoop strains in types (a) and (d) specimens are higher than that
in types (b) and (c) specimens due to greater corrosion and rebar
mass-loss as discussed above.

Fig. 9 shows the damage patterns observed in various types of
specimens investigated in this study. For each specimen, crack pat-
terns are observed on the exterior surface at 192 h and at the end
of the ACT (384 h). In addition, each specimen is cut at mid-height
at the end of the ACT for observation of damage at cross-sections
(Fig. 10). Brightness and contrast of these pictures are enhanced
to show the cracks clearly. All the crack widths on the exterior sur-
face of the specimens at 192 h and at 384 h were measured from
multiple images using digital image analysis, some of which were
verified using a handheld microscope. A summary of the average
crack widths is presented in Table 4. At 192 h (half the duration
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Fig. 9. Comparison of damage patterns.
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of ACT), all the specimens with intact or damaged SHCC shells
(except D1) showed microcracking with average crack widths less
than 0.1 mm, in spite of 7% � 12% of rebar mass-loss at this stage.
In contrast, type (a) concrete specimens formed individual large
cracks at the location of rebars with crack widths ranging from
0.18 mm to 0.41 mm.

As indicated in Fig. 9, Fig. 10, and Table 4, large cover cracks
with widths of 0.3 mm to 0.5 mm are formed in the type (a) con-
crete specimens at the end of the ACT (384 h), at which point the
specimens showed severe damage in form of concrete cover spal-
ling. In contrast, types (b), (c), and (d) specimens were moderately
corroded at the end of the ACT and were able to maintain their
structural integrity. An exception to this was the D1 specimen that
formed a large crack with width of 0.35 mm on its shell (the crack
is visible in Fig. 10). Other specimens with intact or pre-damaged
SHCC shells were able to spread the tensile strain demands caused
by the expanding corrosion products over a large area by the for-
mation of micro-cracks. In addition to the vertical micro-cracks
formed due to the corrosion of longitudinal reinforcement, several
horizontal and inclined micro-cracks were also observed on the
exterior surfaces of types (b), (c), and (d) specimens due to the cor-
rosion of spiral ties. Thus, the tensile strain capacity of SHCC and its
inherent ability to control crack widths helps to reduce the rate of
corrosion during the propagation phase and maintains structural
integrity for a significantly longer time than concrete.
4.4. Quality of SHCC-concrete interface

Slant-shear tests were performed to determine the bond
strength between SHCC and concrete. The bond strength was cal-
culated using Eq. (3) [37], where S is the bond strength, P is the
maximum compressive load taken by a specimen during the slant
shear test, and Ae is the elliptical interfacial area of the SHCC-
concrete interface.
S ¼ P
Ae

ð3Þ

Fig. 11 shows the average bond strengths at five different cur-
ing ages, in which each bar represents the average of bond
strengths of four cylinders tested at a given age. The red dashed
lines represent the range of acceptable bond strengths specified
by the Concrete Repair Guide (ACI 546R-14 [38]) for the slant-
shear test at the overlay curing ages of 1 day, 7 days, and
28 days. In Fig. 11, the average bond strength increases from
4.6 MPa at 1 day to 15.3 MPa at 28 days. The bond strengths at
1 day, 7 days, and 28 days are greater than the corresponding
minimum values specified in ACI 546R-14 [38]. The relatively
strong SHCC-concrete bond up to 28 days can be attributed to
the fine particles in SHCC (fly ash and silica sand) filling small
pores on the concrete surface as well as the reaction between
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unreacted silicon dioxide in the fly ash (in SHCC) and calcium
hydroxide in concrete to generate CSH [18].

At later ages, the SHCC-concrete bond strength reduces by
about 10% from 15.3 MPa at 28 days to 13.9 MPa at 90 days. This
reduction in bond strength is caused by the greater magnitude of
drying shrinkage in SHCC compared to concrete (discussed below
in Fig. 13). Fig. 12 shows an observed shrinkage crack at the
SHCC-concrete interface at the age of 90 days. Sahmaran et al.
[18] observed greater bond strengths than the current study, which
may be due to lower water-to-cementitious material ratio of 0.27
used in Sahmaran et al. [18] compared to 0.38 in this study.
Although the slant-shear test results in this study meet the
minimum criteria in the ACI Concrete Repair Guide, the SHCC-
concrete bond strength in the intended application can be further
improved by application of surface treatments (e.g. surface rough-
ening) and chemical admixtures. However, a detailed investigation
of the effects of these treatments and admixtures on the SHCC-
concrete bond is beyond the scope of this study.

Fig. 13 shows the free drying shrinkage of SHCC and concrete
prismatic specimens over a period of one year, in which each curve
represents the average shrinkage of four specimens. Clearly, SHCC
Table 4
Average crack widths in millimeters for all specimens at 192 h and 384 h.

Av

Hours Type (a) specimens

C1 C2 C3

192 0.265 0.237 0.354
384 0.391 0.346 0.486

Hours Type (c) specimens

I1 I2 I3

192 0.053 0.055 0.069
384 0.102 0.095 0.110
exhibits significantly higher drying shrinkage compared to con-
crete mainly due to the absence of coarse aggregate and greater
proportion of cementitious materials (cement and fly ash) in SHCC.
This is useful for the intended application of SHCC in this study, i.e.
precast SHCC cover shells around RC cores. Despite the earlier cast-
ing of SHCC cover shells, they shrink more than the RC cores, which
improves the quality of the bond between SHCC and concrete. In a
future study, we will investigate this in detail to determine the
optimum curing time of the SHCC cover shells prior to the casting
erage crack width (mm)

Type (b) specimens

S1 S2 S3

0.064 0.062 0.072
0.091 0.102 0.119

Type (d) specimens

D1 D2 D3

0.129 0.075 0.071
0.170 0.124 0.114
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of RC core considering target bond strength and tensile strength of
SHCC to prevent cover cracking.

5. Conclusions and future work

This study investigates the feasibility of mitigating the corro-
sion of steel reinforcement by utilizing SHCC only in the cover of
reinforced concrete structures. An experimental approach using
potentiostatic accelerated macrocell corrosion along with alternate
wet-dry cycles was used to simulate long-term corrosion of lab-
scale cylindrical specimens in a reasonably short time. Four types
of cylindrical specimens (152 mm � 305 mm) with identical steel
reinforcement were used: type (a) made entirely with concrete
(control specimens), type (b) made entirely with SHCC, type (c)
made with a normal concrete core and an intact SHCC shell, and
type (d) made with a normal concrete core and a pre-damaged
SHCC shell. The following major conclusions can be drawn from
this study.

(1) When subjected to the same accelerated corrosion regime,
the average rate of rebar mass-loss in the type (c) specimens
is about 80% of that observed in the type (a) control
specimens made entirely with concrete. Additionally, the
specimens of types (b) and (c) exhibit almost identical rates
of rebar mass-loss. This shows that using SHCC only in the
cover of a reinforced concrete specimen is as effective in
mitigating corrosion as using it for the entire specimen.

(2) SHCC shells with minor damage provide corrosion protec-
tion as strong as a high-quality conventional concrete (w/c
ratio of 0.41) cover, as the rebar mass-loss in types (a) and
(d) specimens was similar.

(3) Visual examinations of the crack widths within the first
200 h of the accelerated corrosion test (more than 7% rebar
mass-loss) reveal that, each of the type (b), (c), and (d) spec-
imens are able to maintain crack widths smaller than
100 mm. The average crack width for these specimens at
360 h of the ACT (more than 17% steel mass-loss) remains
smaller than 130 mm. This micro-cracking mechanismmakes
the path of corroding agents toward the steel rebar tortuous
and significantly prolongs the propagation period of
corrosion.

(4) The slant-shear test results show that the bond strengths
between SHCC and concrete at various ages exceeds the cor-
responding minimum values specified in ACI 546R-14: Con-
crete Repair Guide [38]. In addition, the free drying
shrinkage strain of SHCC is significantly higher than that of
concrete. Together, these results demonstrate a good quality
SHCC-concrete bond, suggesting the potential use of SHCC
cover shells as durable, permanent formworks for RC
structures.

While this research demonstrates the feasibility of utilizing
SHCC covers to improve the durability of RC structures, further
research is needed for their practical implementation. As men-
tioned above, the bond strength obtained from the slant-shear
tests in this study is not representative of the bond between a pre-
cast SHCC cover and the concrete core, and further research should
be performed (e.g. with splitting tensile tests or direct pull-off
tests) to investigate the SHCC-concrete bond. If there is any
debonding between the SHCC cover and the concrete core, water
could be trapped between them, which may accelerate the corro-
sion. Although none of the specimens in this study showed this
problem, it must be thoroughly investigated. For practical imple-
mentation, a moderate strength (24 MPa to 30 MPa) concrete
should also be investigated, instead of a relatively higher strength
concrete (39 MPa to 45 MPa) considered in this study. The findings
of this study are limited to the corrosion propagation stage, and
these should be combined with the research on the corrosion initi-
ation stage to determine the impact on the service life of RC
structures.

The effect of crack width on the effectiveness of the SHCC shell
is still unknown, and extensive research is necessary to determine
a threshold crack width beyond which the SHCC shell is no longer
effective in mitigating corrosion. Furthermore, the effects of size
and shape of the RC members on the effectiveness of SHCC covers
should be investigated. Using analytical/numerical modeling, an
optimum or a target thickness of the SHCC shell must be deter-
mined for the RC member of interest. Finally, other potential ben-
efits of SHCC covers in terms of improving the confinement and
ductility of the composite cross-section should be evaluated in tan-
dem with the durability benefits for a complete assessment.
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