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Corrosion Resistance Performance of Steel-Reinforced
Engineered Cementitious Composite Beams

by Mustafa Sahmaran, Victor C. Li, and Carmen Andrade

This paper presents the results of an experimental investigation on
steel-reinforced engineered cementitious composite (ECC) beams
subjected to accelerated corrosion by an electrochemical method.
ECC is a micromechanically-based designed, high-performance,
fiber-reinforced cementitious composite with high ductility and
improved durability due to tight crack width. An accelerated corrosion
test method, which was carried out by imposing a constant potential,
was used to induce different degrees of corrosion into the reinforcement
embedded in ECC prismatic specimens. Mortar specimens that have
an equal compressive strength to the ECC specimens were also
used as reference specimens. After inducing different degrees of
accelerated corrosion, the cracks and the residual flexural load
capacity of the test specimens and the mass loss of reinforcing bars
embedded in specimens were determined. From the results of this
study, it is concluded that due to its high tensile strain capacity and
microcracking behaviors, ECC significantly prolonged the corrosion
propagation period while enhancing the ability to maintain the load
capacity of the beam. These performances of reinforced ECC (R/ECC)
are expected to contribute substantially to improving infrastructure
sustainability by reducing the amount of repair and maintenance
during the service life of the infrastructure.

Keywords: corrosion; cracking; engineered cementitious composite;
residual load capacity.

INTRODUCTION

The corrosion of reinforcing bars is one of the main causes
of early deterioration of concrete structures, resulting in the
reduction of their service life. Recent life-cycle analyses
indicate that substantial material resource consumption,
primary energy usage, and CO, emission occur during the
service life of bridge infrastructure systems due to repeated
maintenance activities.! Reducing corrosion-induced damage,
therefore, is expected to contribute to the development of
sustainable infrastructure systems.

Reinforcing steel bars embedded in concrete are usually
well protected against corrosion by the high alkalinity of
pore water because the steel surface is passivated in the
presence of oxygen. Reinforcing steel bars in concrete
structures, however, are depassivated when the chloride
concentration reaches threshold levels on the reinforcing bar
surface or when the pH of the concrete cover drops below
critical levels due to carbonation.? When corrosion is initiated,
active corrosion results in a volumetric expansion of the rust
around the reinforcing bars against the surrounding concrete.
As a result, longitudinal corrosion cracks may form in the
concrete along the corroding reinforcing bar due to the
corrosion-induced tensile hoop stress, and repair or rehabili-
tation is usually required at this stage of structural deterioration.

Reinforced concrete (RC) structures require the use of
innovative protective methodologies, generally divided into
two categories. First, protection is attained through methods
that delay the initiation of corrosion. The second approach
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includes methods that extend the active corrosion period, the
period between corrosion initiation, and end of service life.
For RC structures, durability design strategies generally seek
to extend the initiation period as much as possible because the
control of corrosion after initiation period is extremely difficult.

Some of the most commonly used protection methods for
new construction against steel reinforcement corrosion
include high-quality (low water-cement ratio [w/c] and good
consolidation) concrete, increased concrete cover thickness,
and use of epoxy-coated steel reinforcing bars. Generally, a
low w/c and good consolidation contribute to the reduction
in permeability. A larger cover thickness is supposed to
provide better physical protection because the concrete acts
as a barrier, which delays access of chloride ions, carbon
dioxide, and moisture to the steel reinforcement. As a result
of restrained shrinkage, thermal deformations, chemical
reactions, poor construction practices, and mechanical loads,
however, concrete unavoidably cracks and, over time,
chlorides, carbon dioxide, and moisture can penetrate even
high-quality concrete or concrete with good cover thickness.>
In addition, a larger cover thickness is known to lead to a
greater crack width. In addition, epoxy coatings on the
surface of steel reinforcing bars are sometimes damaged
during handling, or become brittle and delaminate from the
steel reinforcing bars under high chloride concentrations so
that the reliability of epoxy coating for steel protection has
been called into question.”™ Consequently, corrosion of
reinforcement occurs, which could lead to cover spalling and
steel diameter reduction, and potential diminishing of the
load capacity of the RC member. At the root of this steel
corrosion problem is the brittle nature of concrete materials.
The brittleness of concrete inherently results in cracks that
allow corrosives to penetrate the cover, and fail to resist the
expansive force once corrosion starts.

An engineered cementitious composite (ECC) is a ductile
fiber-reinforced cementitious composite designed to achieve
high damage tolerance under severe loading and high durability
under normal service conditions.” Unlike ordinary concrete
materials, ECC strain-hardens after first cracking, similar to
a ductile metal, and demonstrates a strain capacity 300 to
500 times greater than normal concrete. Even at large
imposed deformation, crack widths of ECC remain small—
less than 100 pm (0.004 in.). The intrinsically tight crack
width of ECC has been shown to be important to the high
durability of infrastructure.
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Preliminary work has been performed on the transport of
corrosives (initiation stage) through microcracked ECC by
permeation. It has been found that cracked ECC exhibits
nearly the same permeability as sound concrete, even when
strained in tension to several percent O Further, the effective
chloride diffusivity in microcracked ECC is found to be
substantially lower than cracked concrete subjected to the
same amount of preloadlng With a tensile ductility of the
order of 3 to 5%, cover spalhng can be suppressed when
concrete is replaced by ECC.!2 By preserving low transport
properties especially after cracking, and without spalling, the
ability of ECC material to effectively protect reinforcement
from corrosion significantly longer than concrete is
expected. This protection concept is further supported by
recent research by Miyazato and Hiraishi'3 in which ECC
material was found to be effective in reducing the chloride
penetration depth as well as the rate of corrosion of steel
embedded in ECC after cracking when compared with
normal concrete.

With an intrinsically tight crack width and high tensile
ductility, ECC offers a significant potential to naturally
resolving the corrosion-related durability problem of RC
structures. The focus of the present study is on the performance
of ECC after corrosion is initiated. Specifically, the cracking

Table 1—Mechanical and geometrical properties
of PVA fiber

Nominal | Apparent Young’s
strength, | strength, | Diameter, | Length, | modulus, |Elongation,
MPa (ksi) | MPa (ksi) | pm (in.) | mm (in.) | GPa (ksi) %

1620 (235) [ 1092 (158)| 39 (0.002) | 8(0.3) |42.8 (6200) 6.0

Table 2—Mixture properties of ECC and mortar

ECC (M45) Mortar
FA/C 1.2 —
wlcm 0.27 0.35
Water, kg/m> (Ib/yd>) 331 (558) 215 (362)
Cement, kg/m3 (lb/yd3) 570 (961) 614 (1035)
Fly ash, kg/m® (Ib/yd?) 684 (1153) —
Sand, kg/m? (Ib/yd?) 455 (767) 1535 (2585)
Fiber (PVA), kg/m> (Ib/yd>) 26 (44) —
High-range ]\ivga/t:r:]g r(elg;l;égl;g admixture, 49(83) o
7-day compressive strength, MPa (ksi) 38.1(5.5) 38.4(5.6)
28-day compressive strength, MPa (ksi) 50.2 (7.3) 49.0 (7.1)
7-day tensile strain capacity, % 3.48 —
28-day tensile strain capacity, % 3.16 —
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behavior and residual flexural load capacities of reinforced
ECC (R/ECC) specimens subjected to accelerated corrosion
at constant applied voltage were experimentally investigated.

RESEARCH SIGNIFICANCE

The corrosion of steel reinforcement in aging infrastructure
is one of the main problems currently facing the civil engi-
neering community. In the U.S., maintenance and replacement
costs are measured in billions of dollars. These costs are a
tremendous burden on the economies of the U.S. and other
countries. To reduce this burden, the service life of RC
infrastructure needs to be substantially enhanced. ECC is a
ductile fiber-reinforced cementitious composite developed
to achieve high damage tolerance under severe mechanical
and environmental loading while maintaining inherently
extreme tight crack width. This study investigates the
performance of R/ECC beams under a corrosive environment.
Experimental test results will be used to validate the failure
resistance of R/ECC, even when corrosion of reinforcement
is artificially induced. Findings from this research provide
the technical basis for using ECC to extend infrastructure
service life and reduce maintenance costs.

EXPERIMENTAL STUDIES
Materials, mixture proportions, and basic
mechanical properties

The materials used in the ECC mixture were ordinary
portland cement (OPC); Class F fly ash (FA) with a lime
content of 10.44%; silica sand with an average and maximum
grain size of 110 and 200 um (0.004 and 0.008 in.), respec-
tively; water; polyvinyl alcohol (PVA) fibers; and a high-
range water-reducing admixture (HRWRA). The PV A fibers
were purposely manufactured with a tensile strength, elastic
modulus, and maximum elongation needed for composite
strain-hardening performance. Additionally, the surface of
the PVA fibers was coated with a proprietary oiling agent
1.2% by weight to tailor the interfacial properties between the
fiber and the cementitious matrix for strain-hardening
performance The mechanical and geometrical properties
of the PVA fibers used in this study are shown in Table 1.

The mixture proportions for ECC (M45) are summarized
in Table 2. The ECC mixture was prepared in a mixer with a
12 L (12.7 qt) capacity. Solid ingredients, including cement,
fly ash, and sand, were first mixed at 100 rpm for 1 minute.
Water and chemical admixtures were then added into the dry
mixture and mixed at 300 rpm for 3 minutes to produce a
consistent and uniform mortar and then PV A fiber was added
in last and mixed at 150 rpm for an additional 3 minutes. In a
control test series, a mortar mixture with a similar compressive
strength to the ECC mixture was included. The mixture
proportions of the mortar are also shown in Table 2.

The compressive strength test results of ECC and mortar
mixtures and the ultimate tensile strain capacity of ECC at 7
and 28 days are listed in Table 2. The companion cylinders
with 75 mm (3 in.) diameter and 150 mm (6 in.) height were
tested following the standard ASTM C39 procedures. A
minimum of three compression cylinders were used to obtain
the average compressive strengths. To characterize the direct
tensile behavior of ECC, 152 x 76 x 13 mm (6.0 x 3.0 x 0.5 in.)
coupon specimens were used. Direct tensile tests were
conducted under displacement control at a loading rate of
0.005 mm/s (0.0002 in./s). The tensile stress-strain curves of
ECC at 7 and 28 days are shown in Fig. 1. This ECC composite
exhibited a strain capacity more than 3.0% at 28 days. The
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strain capacity measured after 28 days was slightly lower
than the 7-day strain capacity; however, the observed 3.0%
strain capacity remained acceptable for an ECC.

From each mixture, 255 x 75 x 50 mm (10 x 2 x 3 in.)
prism specimens with a centrally placed deformed steel bar
that had a 13 mm (0.512 in.) diameter (No. 4, Grade 60,
ASTM A615) and a length of 300 mm (11.81 in.) were
prepared for the accelerated corrosion test. Steel bars were
cleaned with a wire brush to remove any rust from the
surface just before casting the reinforced specimens. At the
air/mortar interface, the steel bars were coated with epoxy
glue to avoid crevice corrosion. All specimens were
demolded at 24 hours and moisture-cured in plastic bags at
95 + 5% relative humidity (RH) and 23 = 2 °C (73 °F) for
7 days. The prism specimens were then air-cured in laboratory
medium at 50 + 5% RH and 23 + 2 °C (73 °F) until 28 days
for testing.

Accelerated reinforcement corrosion

An accelerated corrosion testing technique15 16 was used
to compare the corrosion performance of mortar and ECC.
At the end of 28 days, the ECC and mortar prism specimens
with a centrally placed steel bar were partially immersed in
a 5% NaCl solution, as shown in Fig. 2. The exposed steel
bar was then connected to the positive terminal of a DC
power source while the negative terminal was connected to
stainless steel plates placed near the specimen in the solution.
The weight of the steel bar was measured and recorded for
weight loss measurement before accelerated corrosion test.
The corrosion process was initiated by applying a constant
30 V anodic potential. High voltage was used to accelerate
the corrosion and shorten the test period. Similar accelerated
corrosion test setups were also used by other researchers.!’22
Samples were visually inspected for cracks daily while the
current flow was continuously monitored. The current
increased suddenly whenever the specimen cracked. The
widths of the crack were also measured regularly on the
surface of the specimens by an optical microscope.

For the 28-day residual flexural load test (Fig. 3), ECC and
mortar specimens with a 50 x 75 mm (2 x 3 in.) cross section,
255 mm (10 in.) in length, a support span length of 225 mm
(8.85 in.), and a center span length of 75 mm (2.95 in.) were
tested in a closed-loop machine after having been exposed to
different degrees of accelerated corrosion (Table 3). In each
case, two replica specimens were loaded until failure to
determine their load-deflection curves and ultimate flexural
load capacity. Three control prisms of each mixture without
accelerated corrosion exposure were also tested after 28 days
curing as references.

Table 3—UItimate flexural load at different degrees
of accelerated corrosion level

Accelerated | Ultimate flexural No. of
Mixture ID | time, hours | load, kN (kip) [ Failure type |specimens
— 15.12 (3.40) Shear 3
25 5.61 (1.26) Bond 2
Mortar
50 493 (1.11) Bond 2
75 4.65 (1.05) Bond 2
— 26.86 (6.04) Bending 3
50 26.05 (5.86) Bending 2
ECC (M45) 100 22.13 (4.98) Bending 2
150 16.18 (3.64) Bending 2
300 11.70 (2.63) Bending 2
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RESULTS AND DISCUSSION

Corrosion current and cracking behavior

During accelerated corrosion, it is assumed that the electrical
potential applied to the reinforcement attracted negatively-
charged chloride ions from the solution into the concrete and
toward the positively charged steel bars. As the chloride ions
reached the steel-concrete interface above threshold concen-
tration, the steel surface began to corrode. The expansive
products of corrosion-imposed tensile stresses on the mortar/
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Fig. I—Tensile behavior of ECC.
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Fig. 2—Accelerated corrosion test setup.

Fig. 3—Flexural test setup.
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ECC cover resulted in cracking when the tensile stresses
exceeded the tensile strength of the cover material. Cracking,
especially large cracks, would allow the conductive chloride
solution to come into direct contact with the steel surface,
thus providing a direct current path between the reinforcement
and the electrodes in solution. Therefore, a current spike, or
a dramatic increase in current flow, suggests a reduction in
electrical resistance following cracking in the cementitious
material around the steel bar.

The current response as a function of time under the fixed
potential is shown in Fig. 4. Each line in Fig. 4 is the average
of three specimens. The current-time curves were used to
determine the time to initiation of reinforcement corrosion
by observing any instantaneous rise in the current recorded.

= = ECC (M45)
= Mortar

-
o

 Current (A)
o

Corrosion Current
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.5

0.0

0 50 100 150 200 250 300

Time (Hours)

Fig. 4—Measured corrosion current with time for ECC and
mortar specimens.

Fig. 5—ECC and mortar specimens after accelerated
corrosion test: (a) ECC prismatic specimen after 300 hours
of accelerated corrosion; (b) mortar prismatic specimen
after 75 hours of accelerated corrosion, (c) ECC cylindrical
specimen after 350 hours of accelerated corrosion; and (d)
mortar cylindrical specimen after 95 hours of accelerated
corrosion.
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As seen from Fig. 4, the current recorded for the mortar
specimens remained approximately 0.4 A up until approxi-
mately 20 hours and then a rapid increase in current was
detected. The sudden rise of the current intensity coincided
with the observation of a 0.3 mm (0.012 in.) size crack width
on the mortar specimens. The current recorded for the ECC
specimens was much lower, at approximately 0.2 A up until
15 to 20 hours. The lower initial current recorded in the ECC
specimens compared with the mortar specimens may reflect
the higher electrical resistivity of the ECC.

In general, each of the current responses and corrosion
rates of the material is considered to be 1nversely proportional
to the electrical resistivity of the material.>3?* In addition,
according to Andrade et al.,? the inverse of resistivity is
proportional to the chloride diffusion coefficient in concrete
materials and, therefore, the corrosion initiation period. For
ECC, a lower water-cementitious material ratio (w/cm) and
high-volume fly ash (FA), resulting in a denser matrix by
reducing the pore sizes and thickness of the transition zone
between the fiber and the surrounding cementitious matrix,
may explain the observed higher electrical resistivity. 2627
This higher electrical resistivity of ECC is expected to be
associated with a longer corrosion initiation period under
field conditions.

As the experiment is continued, the recorded current (and
the corrosion of the steel bar) steadily increased in the ECC
specimens until approximately 50 hours. Microcracking on
the surface of these specimens was first noted after 35 hours.
Beyond 50 hours, the recorded current became more or less
steady until the failure (defined in the followmg as when the
crack width reaches 0.3 mm [0.012 in. ])28 of the ECC
specimens. In contrast to the mortar specimens, localized
large cracks were not observed in the ECC specimens.
Instead, a distribution of microcracks was observed. The
tight crack width (see following paragraph) of the surrounding
ECC d1d not allow easy access of the moisture'? and chloride
ions!! to the surface of the steel bars embedded in the ECC
specimens. In addition, self—heahng and potentially plugging
of these microcracks by corrosion products may have
occurred. Microcracks tend to be easier to seal than large
cracks, thus prolonging the corrosion propagation period.
This increase in the accelerated corrosion propagation time
indicates a superior durability performance of ECC over
mortar. Whereas the increase in the number of microcracks
tends to lower the resistivity of the specimen, the plugging of
these cracks that stabilize in width below 100 pm (0.004 in.)
is likely responsible for the steady state current observed
beyond 50 hours in Fig. 4.

The typical surface patterns of corrosion-induced cracks
for mortar and ECC specimens after subjected to accelerated
corrosion test are shown in Fig. 5. In addition to prism
specimens, the cracking resistance of cylindrical specimens
(75 mm [3 in.] in diameter and 150 mm [6 in.] in height) with
a centrally placed deformed steel bar that have a 13 mm
(0.512 in.) diameter was measured by using the same test
setup. As seen in Fig. 5, the cracking behavior was significantly
different between ECC and mortar. One longitudinal crack
formed on each of the wider faces of the beam (the faces 75 mm
[3 in.] wide) directly adjacent to the reinforcing bar and
parallel to the reinforcement along its length was observed
for the mortar (Fig. 5(b)). These were typical corrosion-
induced cracks caused by the circumferential tensile stresses
due to the expansive corrosion products. The crack width of
the mortar specimens increases with increasing corrosion
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exposure time. The maximum corrosion crack width was
recorded at the end of the 75 hours, at approximately 2.00 mm
(0.079 in.). In addition to longitudinal cracks, cover spalling
was also observed in the cylindrical mortar specimens after
95 hours of accelerated corrosion (Fig. 5(d)).

On the other hand, multiple microcracks on the two wider
faces of the ECC beams were observed (Fig. 5(a)). The
number of microcracks on the surface of ECC specimens
increased as corrosion progressed. This could be attributed
to the strain-hardening and multiple-cracking behaviors of
the ECC. After 150 hours of accelerated corrosion, numerous
(at least 10) microcracks with widths less than 0.1 mm
(0.004 in.) were observed on each surface of the ECC
specimens. Similar behavior was observed in the ECC cylinder
specimens (Fig. 5(c)). This implies that ECC maintains
substantial resistance against cover spalling in R/ECC
members in the presence of significant steel bar corrosion.

At the end of 300-hour accelerated corrosion test, in addition
to microcracks, one longitudinal localized crack with width
of nearly 0.3 mm (0.012 in.) on the surface of the ECC prism
specimens was observed. If a crack width of 0.3 mm (0.012 in.)
is defined as a failure limit for RC structures, as, for
examgle, suggested by an earlier version of the ACI Building
Code*® or AASHTO?® for crack width limit for outdoor
exposures, the service life duration of R/ECC will be at least
15 times that of the mortar specimens (300 hours for ECC
versus 20 hours for mortar prism specimens under accelerated
corrosion conditions). This indicates that ECC significantly
extends service life (time to corrosion initiation plus time to
corrosion propagation) under accelerated test conditions.

Mass loss measurements

To measure the mass loss of the reinforcing steel, the
specimens were broken to retrieve the entire reinforcing bar
after inducing different degrees of accelerated corrosion
exposures. The reinforcing bar for each specimen was
cleaned with deionized water and scrubbed with a stiff metal
brush to ensure that the bar was free from any adhering
corrosion products. The reinforcing bar was then weighed
and the percentage mass loss was computed using Eq. (1)

corrosion mass loss = [initial mass — final mass] x 100 (1)
initial mass

where the initial and final mass refer to the mass of the
reinforcing bars before and after corrosion exposures.

The percentage of steel mass losses of the ECC and mortar
beams at different accelerated corrosion exposures is
presented in Fig. 6. The average percentage of mass losses of
reinforcing bars embedded in the mortar specimens were
2.5%, 5.3%, and 11.7% at the end of 25, 50, and 75 hours of
accelerated corrosion exposure, respectively. On the other hand,
there was nearly no mass loss of reinforcing bars embedded
in the ECC specimens up to 50 hours of accelerated corrosion
exposure. The average percentage of mass loss was 17.5% at
the end of 300 hours of accelerated corrosion exposure.

To appreciate the difference in the rate of corrosion
between the ECC and mortar specimens, the percent mass
loss rate is shown in Fig. 7. Examining the mass loss per hour
of exposure at the end of the tests provides a rough measure
of the overall rate of corrosion for the entire specimen life
span. It also serves to normalize the mass loss data because
the ECC and mortar specimens were given different accelerated
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corrosion exposure time periods. ECC samples exposed to
300 hours accelerated corrosion showed approximately 41%
less mass loss per hour averaged over the service life than the
mortar samples exposed to 20 hours accelerated corrosion.
The reason that the mortar beams exhibited higher measured
mass loss rate values than that of the ECC beams is because
of the wide longitudinal cracks formed along the complete
length of the beam, which leads to increased accessibility for
water'? and chloride ions.!! The cracks were wide enough to
allow easy migration of corrosion products, seen as rust on
the crack surfaces of the severely damaged specimens (Fig. 5(b)
and (d)). For the ECC beams, the tight crack width inhibits
movements of the corrosion products that serve as a shield
against chloride ion migration toward the steel bar. Therefore,
ECC cover reduces the corrosion rate of steel reinforcement
significantly when compared with a mortar cover, at least
under the present accelerated test conditions.

Residual flexural load

After inducing different degrees of accelerated corrosion,
the corroded beams were tested under four-point bending
(Fig. 3) to determine their residual load-deflection curves
and ultimate flexural loads. Bending loads were applied to
the wider face of the beam (the face was 75 mm [3 in.] wide)
where corrosion-induced cracks were observed. Such a
loading arrangement allows for a more realistic evaluation of
the residual flexural load capacity of corroded specimens
because, in the case of the bridge decks exposed to deicing
salts, mechanical loads are generally applied on the surfaces
where cracks are present.
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Fig. 6—Mass loss versus corrosion exposure time for ECC
and mortar corrosion specimens.
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The ultimate flexural load of the deteriorated (with corrosion)
and control (without corrosion) specimens with their failure
types at each selected degree of accelerated corrosion level
is summarized in Table 3. Average ultimate flexural loads
for the beam specimens were obtained by combining the
results of two or three specimens tested in each case. The
averaged ultimate flexural loads were 26.86 and 15.12 kN
(6.04 and 3.40 kip) for ECC and mortar, respectively. The
ECC beams show a substantially higher ultimate flexural
load in comparison with that of the mortar beams. ECC
specimens showed multiple cracking behaviors with small
crack spacing and tight crack widths (<0.1 mm [0.004 in.]).
Bending failure in the ECC occurred when the fiber bridging
strength at one of the microcracks was reached, resulting in
localized deformation at this section (Fig. 8(a)). Previous
study has also showed that ECC beams without shear

ECC after 150 hours accelerated corrosion

Mortar before accelerated corrosion Maortar after 50 hours accelerated corrosion

Fig. 8—Type of failure of mortar and ECC beams under four-
point bending test before and after accelerated corrosion test.
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Fig. 9—Effect of accelerated corrosion on load-deflection
curves.
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reinforcement exhibits remarkable shear resistance because
of its strain- hardemng and multiple-cracking behaviors
under tensile loads.>? On the other hand, because of the low
tensile properties and the lack of shear reinforcement,
control mortar beams failed by shear under the four-point
bending test (Fig. 8(c)). The shear failure in mortar specimens
can be prevented with stirrups (shear reinforcement);
however, for the comparison purpose, stirrups were not used
for either the ECC or the mortar specimens.

Typical load-deflection curves of the mortar and ECC
specimens before (control) and after different accelerated
corrosion periods (corroded, x hours) are shown in Fig. 9. To
facilitate the comparison between the test results for mortar
and ECC beams, the same scales for both axes were used in
these figures. Figure 9(a) shows that the effect of accelerated
corrosion has a marked influence on the load-deflection
curves of mortar specimens. The ultimate load capacity
decreases sharply with an increasing accelerated corrosion
period. For example, after a 25-hour accelerated corrosion
test period, the residual flexural load is only 37% that of the
control beams. The corrosion-induced longitudinal cracking
along the reinforcing bar in the mortar specimens leads to a
loss of frictional mechanical bond.3! The slope of the load-
deflection curve represents the stiffness of the beams and it
can be easily noted from Fig. 9(a) that the slope decreases
with an increasing degree of reinforcement corrosion,
thereby indicating a significant reduction in the stiffness of
the mortar beams. Corrosion of reinforcement also modified
the type of failure in mortar beams. Control (without corrosion)
mortar beams failed by shear; however, corroded mortar
beams failed by bond splitting (Fig. 8(c) and (d)). The failure
mechanism can be explained in terms of the bond between
reinforcement and mortar being reduced by reinforcement
corrosion to an extent that, as the load increased, transmission
of stresses between the two materials gradually became
concentrated at the beam ends where anchorage was provided
by the bent portions of reinforcement. 32 These portions of
reinforcement were not severely corroded because they were
above the submerged level of the beams during the accelerated
corrosion-inducing process.

The typical load-deflection curves of ECC specimens after
accelerated corrosion shown in Fig. 9(b) reveal that the
influence of accelerated corrosion test up to 50 hours on the
load-deflection curves of the ECC specimen is fairly small.
Beyond 50 hours of accelerated corrosion, the ultimate
residual flexural load capacity of ECC specimens decreased
slowly as corrosion progressed. This result was consistent
with the earlier results of steel mass loss of ECC specimens
(Fig. 6 and 7). The decrease in the ultimate flexural loads is
attributed to the loss of the cross-sectional area of steel
reinforcements and, in addition, to the presence of multiple
microcracking. On the other hand, ECC deterioration due to
the corrosion of reinforcement did not change the type of
failure in ECC beams. Both corroded and control ECC
beams failed in flexure (Fig. 8(a) and (b)).

The residual ultimate flexural load-deflection curve of
corroded ECC beams presented in Fig. 9(b) provides a
conservative estimate of their ultimate residual flexural load
capacity in actual structures. This is because the effect of
self- healing of microcracked ECC has not been included in
these spec1mens due to the short experimental duration.
Tuutti? proposed that cracks of width less than 0.1 to 0.3 mm
(0.004 to 0.012 in.) did not affect the corrosion rate of the
reinforcing steel. The residual flexural load capacity of the
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ECC beams was determined following induced accelerated
corrosion of the reinforced specimen during 50 to 300 hours.
Such corrosion periods are equivalent to those of many years
in real structures. This difference in accelerated and normal
corrosion periods can have a significant influence on the
residual flexural load of ECC. For long-term corrosion
exposure, after corrosion initiates, microcracks in ECC
generated by mechanical loading or corrosion expansion can
easily be closed or become smaller and less connected among
them due to self—healing,11 thus slowing down further chloride
penetration and reducing the rate of corrosion propagation.
The present accelerated corrosion experiment has been
carried out by applying a constant potential to the specimens,
as is typical of this type of investigation.”'22 Because of the
expected differences in electrical resistance between uncracked
ECC and uncracked mortar, however, the generated currents
may also be different. As a result, the rate of corrosion and
mass loss rate data may reflect this difference and therefore
should be interpreted with care. Even so, the tight crack
width of ECC provides an effectively higher resistance material
by limiting the access of chloride ions, carbon dioxide, and
moisture to the reinforcing bar than that of mortar that has a
much larger crack width. This results in a reduction of
current (and therefore mass loss and corrosion rate), which is
a real benefit of ECC over mortar. Regardless of the way the
accelerated corrosion test was conducted, the mode of failure
between ECC and mortar are substantially different.

CONCLUSIONS

Based on the results and analysis presented in this paper,
the following conclusions can be drawn:

1. Corrosion-induced crack width of mortar specimens
increases with time as corrosion activity progresses. Larger
crack widths up to 2.00 mm (0.079 in.) are obtained at higher
levels of corrosion. On the other hand, crack widths (~0.1 mm
[0.004 in.]) of ECC remain nearly constant with time as
corrosion activity progresses, whereas the number of cracks
on the surface of the ECC specimens increased. The results
of this study also showed that ECC has significant anti-spalling
ability compared with conventional mortar. If a crack width
of 0.3 mm (0.012 in.) is used to set a service time limit of RC
structures, the service life of R/ECC will be at least 15 times
as much as that of the reinforced mortar;

2. Corrosion of reinforced mortar specimens results in a
marked reduction on stiffness and flexural load capacity.
After 25 hours of accelerated corrosion exposure, the flexural
load reduces to approximately 34% of the flexural capacity
of the control mortar beam. In contrast, the ECC specimens,
after 50 hours of accelerated corrosion exposure, retained
almost 100% of the flexural capacity of the control specimens.
Beyond 50 hours, the flexural capacity decreased, but
retained over 45% that of the control specimens, even after
300 hours of accelerated corrosion exposure; and

3. Longitudinal cracks due to expansion of the corrosion
products affect the failure mode of the reinforced mortar
under four-point bend test. On the other hand, the corrosion
of the steel bar in ECC specimens does not change the type
of failure in ECC beams.

Finally, the observed superior corrosion resistance of ECC
compared with mortar in terms of corrosion propagation
time, tight crack width, lower weight loss, and higher retention
of stiffness and flexural load, is attributable to the high
tensile strain capacity, strain hardening, and multiple-cracking
behaviors of ECC. Overall, these experimental findings
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suggest that the propagation period of corrosion could be
safely included in estimating the service life of a structure
when concrete is replaced by ECC.
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