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This paper presents the results of an experimental investigation on
the chloride transport properties of engineered cementitious
composites (ECC) under combined mechanical and environmental
loads. ECC is a newly developed, high-performance, fiber-reinforced
cementitious composite with substantial benefit in both high
ductility and improved durability due to tight crack width. By
employing micromechanics-based material design, maximum ductility
in excess of 3% under uniaxial tensile loading can be attained with
only 2% fiber content by volume, and the typical single crack fracture
behavior commonly observed in normal concrete or mortar is
converted to multiple microcracking in ECC. In this study, immersion
and salt ponding tests were conducted to determine chloride ion
transport properties. Under high imposed bending deformation,
the preloaded ECC beam specimens reveal microcracks less than
50 µm and an effective diffusion coefficient significantly lower
than that of the similarly preloaded reinforced mortar beam
because of the tight crack width control in ECC. In contrast, cracks
larger than 150 µm are easily produced under the same imposed
deformation and have significant effects on effective diffusion
coefficient of reinforced mortar. Moreover, through the formation
of microcracks, a significant amount of self-healing was observed
within the ECC cracks subjected to NaCl solution exposure.
Keywords: chloride diffusivity; cracking; engineered cementitious
composites.

INTRODUCTION
The corrosion of steel in concrete is one of the major
problems with respect to the durability of reinforced
concrete structures. The penetration of chloride ions into
concrete is considered to be the major cause of corrosion.
Generally, after casting concrete, a passivation film is
formed surrounding the steel bars and protects them from
corrosion initiation. Chloride ions, however, either from
seawater or from deicing salt, will eventually penetrate the
concrete cover and depassivate the protective film, and the
embedded steel bars in concrete are no longer protected
against corrosion in the presence of moisture and oxygen.
When the steel bar starts to corrode, the volume of corrosion
product exerts pressure on the concrete resulting in spalling
of the concrete cover. Moreover, the cross section of reinforcing
bar is diminished, thus reducing the load-carrying capacity
of the concrete member.
The transport of chloride is a very complex phenomenon
potentially involving different mechanisms, including
permeation, diffusion, and absorption.1 Depending on the
conditions, transport of chloride may be driven by one or a
combination of these three mechanisms. The main driving
force behind permeation is the presence of a pressure
gradient. Permeation is very important for concrete structures
under water such as offshore structures. Absorption, driven
by capillary pore suction, is the predominant transport
process when the unsaturated concrete is exposed to chloride
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solution. Diffusion is the most commonly studied transport
process of chloride ions. When the saturated concrete is
exposed to a chloride solution, a chloride concentration
gradient is created between the concrete element surface and
the pore solution. In this case, diffusion will be the predominant
driving mechanism of chloride transport.
The development of reliable methods for predicting chloride
transport into concrete is very important to determine the
service life of a reinforced concrete structure. A number of
studies have been carried out to understand the transport
mechanism of chloride ions2-4 and numerous service-life
prediction models have been introduced.4-7 In these studies,
it is common to investigate the transport properties of
uncracked concrete. Realistically, however, most reinforced
concrete structures experience cracking in field conditions.
Cracks in concrete structures may result from restrained
shrinkage, thermal deformations, chemical reactions, poor
construction practices, and mechanical loads.8
The formation of cracks increases the transport properties
of concrete so that water, oxygen, and chloride ions easily
penetrate and reach the reinforcing steel and accelerate the
initiation of steel corrosion in concrete. Crack widths range
from very small internal microcracks that occur on the
application of a modest amount of stress, to quite large cracks
caused by undesirable interactions with the environment.9
Wider crack widths have been found to induce corrosion
much faster than relatively smaller ones. A comparison of
diffusion coefficients for cracked and uncracked concrete
shows an increase in the diffusion coefficient for cracked
concrete by one or two orders of magnitude, with wider
cracks resulting in higher values.10 Chloride diffusion in
concrete precracked under three-point bending load was also
studied by Gowripalan et al.11 Prisms were preloaded up to
a 0.3 mm (0.012 in.) crack width. The experiment showed
that the apparent chloride diffusion coefficient is larger in
the tensile than in the compression zone. Mangat and
Gurusamy12 studied the influence of cracks on chloride
diffusion of steel fiber-reinforced concrete. Crack widths
ranging between 70 to 1080 μm (0.003 to 0.043 in.) were
produced on prism specimens and exposed to cycles of splash
and tidal zone marine exposure. The authors concluded that
crack widths larger than 500 μm (0.02 in.) have more
pronounced influence on chloride intrusion whereas crack
widths less than 200 μm (0.008 in.) appeared to have nearly
no effect on chloride intrusion. The influence of crack width
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Fig. 1—Typical tensile stress-strain curve and crack width
development of ECC.

loading can be attained with only 2% by volume of short fibers.
These properties, together with a relative ease of production
including self-consolidation casting19 and shotcreting,20
make them suitable for various civil engineering applications.
Figure 1 shows a typical uniaxial tensile stress-strain curve
of an engineered cementitious composite (ECC) containing
2% polyvinyl alcohol (PVA) fiber. The characteristic strainhardening after first cracking is accompanied by multiple
microcracking. The crack width development during inelastic
straining is also shown in Fig. 1. Even at ultimate load, the
crack width remains on the order of 50 to 80 μm (0.002 to
0.003 in.). This tight crack width is self-controlled and, whether
the composite is used in combination with conventional
reinforcement or not, it is a material characteristic independent
of reinforcing bar reinforcement ratio. In contrast, normal
concrete and fiber-reinforced concrete rely on steel reinforcement for crack width control. The tight crack width of ECC
is important to the durability of ECC structures as the tensile
ductility is to the structural safety at ultimate limit state.
In actual field constructions, the high tensile strain
capacity and multiple-cracking behaviors of ECC allow
reduction of steel reinforcement ratio, but usually retain a
limited amount for structural purposes. For this reason, it is
important to test chloride transport properties of ECC. Little
information exists on the transport of chloride ions in
cracked and uncracked ECC. Miyazato and Hiraishi21 were
probably the first to show that the penetration depth of chloride
ions into ECC cover was substantially lower than that in
concrete cover, for both beams preloaded to the same level
of flexural deflection and subjected to accelerated chloride
exposure. In the present research, experimental work was
conducted on ECC beam specimens preloaded to different
deformation levels. The microcracked specimens were then
exposed to chloride ponding. In addition to ECC, the resistance
to chloride ion penetration of cracked and uncracked reinforced
(with steel wire mesh) mortar specimens were also measured
in a control test series. The performance of cracked and
uncracked ECC and mortar specimens, in terms of chloride
penetration profile and depth, and effective diffusion coefficient
as a function of beam deformation level, were compared.
Immersion tests were also conducted on ECC and mortar
cylinders to determine the chloride penetration depths as a
function of immersion time.

up to 66 μm on chloride diffusivity was also studied by
Tognazzi et al.13 The experimental results showed that the
chloride diffusion coefficient through cracked concrete is
proportional to the crack width. Aldea et al.14 performed
rapid chloride permeability tests on normal- and high-strength
concrete samples precracked under feedback-controlled
splitting tensile tests, with crack widths up to 400 μm
(0.016 in.). It was concluded that cracks less than 200 μm
(0.008 in.) had no effect on chloride conductivity, whereas
cracks between 200 and 400 μm (0.008 and 0.016 in.)
resulted in higher chloride conductivity. According to ACI
Committee 224, permissible crack widths at the tensile face
of reinforced concrete structures for service loads under
different environmental conditions are given in Table 1.8
ECC is a fiber-reinforced cement-based composite material
micromechanically tailored to achieve high ductility and
multiple cracking under tensile and shear loading.15-17 By
employing micromechanics-based material design,15,18
maximum ductility in excess of 3% under uniaxial tensile

RESEARCH SIGNIFICANCE
Concrete in real structures is often cracked. Durability is
of increasing concern in the concrete industry, and it is
significantly affected by the presence of cracks. The corrosion
of reinforcing steel due to chloride ions in deicing salts or
seawater is a major cause of premature deterioration of
reinforced concrete structures. ECC is a newly-developed,
high-performance, fiber-reinforced cementitious composite
with substantial benefit in both high ductility and improved
durability due to tight crack width. The main objective of this
study was to quantify how cracking caused by mechanical
loading influences the chloride transport properties of ECC,
which may be used to predict changes in durability performance
under service conditions. This kind of data can be used for
service life prediction and life-cycle cost analysis of ECC
structures, as well as providing a rational basis for the
durable design of ECC infrastructure systems. The
research is particularly relevant given the anticipation that
this type of material may be used in the microcracked state
during the service life of the structure.
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Table 1—Permissible crack widths for reinforced
concrete under service loads
Permissible crack width
Exposure condition

in.

mm

Dry air or protective membrane

0.016

0.41

Humidity, moist air, soil

0.012

0.30

Deicing chemicals

0.007

0.18

Seawater and seawater spray, wetting and drying

0.006

0.15

Water-retaining structures

0.004

0.10
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Table 2—Mixture properties of ECC and mortar
Mortar

ECC (M45)

FA/C

—

1.2

w/cm*

0.35

0.27

215 (362)

331 (558)

Water (W), kg/m3 (lb/yd3)
3

3

614 (1035)

570 (961)

3

3

Fly ash (FA), kg/m (lb/yd )

—

684 (1153)

Sand (S), kg/m3 (lb/yd3)

1535 (2585)

455 (767)

Fiber (PVA), kg/m (lb/yd )

—

26 (44)

High-range water-reducing admixture
(HRWRA), kg/m3 (lb/yd3)

—

5.1 (8.6)

Cement (C), kg/m (lb/yd )

3

3

7-day compressive strength, MPa (ksi)

36.6 (5.3)

37.8 (5.5)

Fig. 2—Typical tensile stress-strain response of ECC mixture.

28-day compressive strength, MPa (ksi)

42.9 (6.2)

53.3 (7.7)

7-day tensile strain capacity, %

—

3.90

MATERIALS AND MIXTURE PROPORTIONS
The mixture proportions for ECC (M45) mixtures are
summarized in Table 2. The components of ECC mixtures
are similar to typical fiber-reinforced cement composites
(FRCC), consisting of Type I portland cement, sand, Class F
fly ash, water, fibers, and a high-range water-reducing
admixture (HRWRA). Unlike typical FRCCs, however, the
component characteristics and proportions within ECC are
carefully determined through the use of micromechanical
design tools17 to achieve the desired strain-hardening
response. To minimize the mortar matrix fracture toughness,
no large aggregates were used, and the silica sand had an
average and maximum grain size of 110 μm (0.004 in.) and
200 μm (0.008 in.), respectively. The PVA fibers were
purposely manufactured with a tensile strength, elastic
modulus, and maximum elongation matching those needed
for strain-hardening performance. Additionally, the surface
of the PVA fibers was coated 1.2% by weight with a proprietary
hydrophobic oiling agent to control the interfacial bonding
properties between the fiber and matrix for strain-hardening
performance.22 The mechanical and geometrical properties
of the PVA fibers used in this study are shown in Table 3.
In addition to ECC, the resistance of cracked and
uncracked reinforced (with steel wire mesh) mortar specimens
to chloride ion penetration was also measured in a control
test series. The mixture proportions of the mortar specimens
are also shown in Table 2. The components of this material
are Type I portland cement, water, and natural river sand.
The ultimate tensile strain capacity of ECC and the compressive
strength test results of ECC and mortar mixtures are also
listed in Table 2. The compressive strength was computed as
an average of three standard Ø75 x 150 mm (Ø3 x 6 in.)
cylinder specimens. To characterize the direct tensile behavior
of the ECC mixtures, 152.4 x 76.2 x 12.7 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/second (0.0002 in./second). The typical tensile
stress-strain curves of the ECC mixtures are shown in Fig. 2.

28-day tensile strain capacity, %

—

3.10

TEST SPECIMEN PREPARATION AND TESTING
From each mixture Ø75 x 150 mm (Ø3 x 6 in.) cylinders
were prepared for the determination of chloride penetration
depth (immersion test) and 355.6 x 50.8 x 76.2 mm (14 x 2 x
3 in.) prisms were prepared for the determination of chloride
ion profiles and diffusion coefficient (salt ponding test). All
specimens were demolded at the age of 24 hours and moisture
cured in plastic bags at 95 ± 5% relative humidity (RH) at
ACI Materials Journal/November-December 2007

*cm = cementitious materials (cement + fly ash).

Table 3—Mechanical properties of PVA fiber
Nominal
strength,
MPa (ksi)

Apparent
strength,
MPa (ksi)

Diameter,
µm (in.)

1620 (235) 1092 (158) 39 (0.002)

Length,
mm (in.)

Young’s
modulus,
GPa (ksi)

Elongation,
%

8 (0.3)

42.8 (6200)

6.0

23 ± 2 °C for 7 days. The specimens were then air cured at
50 ± 5% RH at 23 ± 2 °C until the age of 28 days for testing.
Immersion test
At the end of 28 days, all surfaces of the cylindrical specimens
except their bottom sides were sealed by silicon coating so
that chloride penetration could occur only in one direction.
Afterwards, they were left in the laboratory for another day.
At the age of 29 days, the cylinders were stored under continuous
exposure to 3% NaCl solution at room temperature. The
NaCl solution was replenished every month to maintain
uniform concentration. After 30-, 60-, and 90-day immersion
periods, one cylinder was taken out and split open before
being sprayed with 0.1 N silver nitrate (AgNO3) solution.
Where chlorides have penetrated to at least approximately
0.15% by weight of cement,23 silver chloride will precipitate
and cause that portion of the sample to turn white, whereas the
silver nitrate in the nonchloride penetrated zone turns brown.
Salt ponding test
The chloride ion profiles and diffusion coefficient of ECC
were evaluated in accordance with AASHTO T259-80.24 In
addition to ECC, the same transport properties of mortar
specimens were also determined in a control test series. Each
mortar prism was reinforced with three levels of steel mesh
to achieve cracks of varying controlled widths. At the age of
28 days, prism surfaces were abraded using a steel brush as
required by AASHTO T259-80.24 After abrasion application,
the prisms were preloaded using a four-point bending test to
obtain different crack widths. The ponding test was carried
out with the preloaded specimens in the unloaded state. A
small amount of crack closure occurred on unloading. To
account for this, all crack width measurements are conducted
in the unloaded stage. The widths of the crack were measured
on the surface of the specimens by a portable microscope.
The average width of the resulting crack was obtained
through the measurement of the crack widths at five points.
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Table 4—Crack widths, numbers, and depths of
preloaded ECC and mortar prisms
Mixture Beam deformation, Average crack
ID
mm (in.)
widths, µm (in.)

Mortar

ECC
(M45)

Fig. 3—Typical crack pattern on positive moment surface of
ECC beams at 2 mm (0.079 in.) deformation.

Fig. 4—Chloride penetration depth variation measured by
immersion test.
Table 4 shows the preloaded beam deformation (BD)
value, their corresponding average crack widths (CW),
depths, and number of cracks for prism specimens. Two virgin
prisms from each mixture were tested without preloading for
control purposes. Note that preloading of the mortar beams
were limited to 0.83 mm (0.033 in.) due to the large crack
width (~400 μm [0.016 in.]) and crack depth of 70 mm
(2.756 in.) generated in these specimens. In the ECC specimens,
the crack width remains at approximately 50 μm even after
beam deformation at 2 mm (0.079 in.). The crack length
became impossible to measure accurately due to the tight
crack width. Table 4 also shows the corresponding number
of cracks for prism specimens at each beam deformation
value. As seen from this table, when the deformation applied
to the prism specimens is increased, the number of cracks on
ECC is clearly increased but the crack width did not change
for the different deformation values. Micromechanically
designed ECC changes the cracking behavior from one crack
with large width to multiple smaller cracks (Fig. 3).
After load application, plexiglass was used around the side
surfaces of the prism to build an embankment for holding
chloride solution on the exposed surface of prisms. At 29 days
of age, a 3% NaCl solution was ponded on the cracked
surface of the prisms. To retard the evaporation of the solution,
aluminum plates were used to cover the top surface of the
specimens. After 30 days of ponding, the salt solution was
removed from the prism surface and samples were taken
from each specimen for measuring chloride concentration
with depth. In the case of virgin ECC and mortar specimens,
a ponding test was also conducted after 90 days NaCl solution
exposure in accordance with AASHTO T259-80.
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Crack depth,
mm (in.)
Crack no.

0.50 (0.020)

~50 (0.002)

20 (0.787)

1

0.70 (0.028)

~150 (0.006)

36 (1.417)

1

0.80 (0.031)

~300 (0.012)

55 (2.165)

1

0.83 (0.033)

~400 (0.016)

70 (2.756)

1

0.5 (0.020)

~0

—

0

1.0 (0.039)

~50 (0.002)

—

15

1.5 (0.059)

~50 (0.002)

—

21

2.0 (0.079)

~50 (0.002)

—

35

In the case of the mortar beams, it was found that chloride
penetration concentrates where the precrack was located, and
the penetration depth was deep, where approximately 40 to
70 mm (1.575 to 2.756 in.) depending on the crack width and
crack depth of the specimen. Mortar powder samples were
taken from the cracked zone for chloride analysis at various
depths by using a 15 mm (0.591 in.) diameter rotary drill. In
the case of the ECC beams, chloride penetration occurs at
multiple locatisons corresponding to where the multiple
cracks were formed during the preload. The penetration depth,
however, was much shallower, between 0 and 40 mm (0 and
1.575 in.) depending on the level of imposed deformation.
Powder samples for chloride analysis of cracked ECC
specimens were taken where the multiple cracks were
formed during the preload. Total chloride (acid-soluble)
content by weight of material at each sampling point was
examined according to AASHTO T 260-97.25
The chloride profiles were then input into statistical and
curve-fitting software. Equation (1), Crank’s solution to
Fick’s second law, was fitted to the data.26 The regression
analysis yielded the values of the effective diffusion coefficient
De and surface chloride concentration Cs for each specimen.
x
C ( x, t ) = C s 1 – erf ⎛ ----------------⎞
⎝ 2 D t⎠
e

(1)

where C(x,t) is the chloride concentration at time t at depth x;
Cs is the surface chloride concentration; De is the effective
chloride diffusion coefficient; t is the exposure time; and erf( )
is the error function.
This equation would perfectly describe the diffusion
process of chlorides when no other transport mechanism of
chloride ions (absorption and permeation) is present. This is
not the case in real field conditions, however. In this
experimental study, the coefficient of diffusion found by
regression analysis of chloride profiles using Eq. (1) is
referred to as effective diffusion coefficient De, which
includes the combined transport mechanics. The value De
forms a reasonable basis of comparing the diffusion properties
of cracked and uncracked ECC and mortar specimens.
EXPERIMENTAL RESULTS AND DISCUSSION
The result of the immersion of the cylinders in the 3%
NaCl solution up to 90 days is shown in Fig. 4. In this test,
cylinder specimens were sealed by a silicon coating. Chloride
ions were allowed to ingress only in one direction. The main
transport mechanism in this test was absorption initially.
After specimens become saturated, however, diffusion
becomes the dominant transport mechanism at later ages.
ACI Materials Journal/November-December 2007

Fig. 5—Chloride profiles of uncracked mortar and uncracked
ECC prisms after 30 and 90 days in 3% NaCl solution.
For ECC mixture containing a lower water-cementitious
material ratio (w/cm) and high volume fly ash (FA), chloride
ion penetration depths were always lower than that of the
mortar mixture. The use of FA probably resulted in a denser
matrix, by reducing the pore sizes and thickness of transition
zone between fiber and surrounding cementitious matrix.
The chloride concentration profiles of uncracked mortar
and uncracked ECC from the ponding test of prism specimens
after 30 and 90 days of exposure, with the values of effective
diffusion coefficients De and coefficient of determinations
R2 as determined by regression analysis, are shown in Fig. 5.
The value of R2 represents how well the estimated regression
equation fits the data sample. A perfect fit of the equation
and the data will have R2 equal to one. The effective diffusion
coefficients of the virgin mortar and ECC specimens calculated
on the basis of 30 days of exposure are higher than that of
90 days of exposure likely due to the continuing hydration of
cement and FA, which is beneficial in reducing pore sizes
and densifying matrix.12 In addition, the effective chloride
diffusion coefficient of virgin ECC is lower than that of
virgin mortar for 30 and 90 days, probably due to higher
amounts of cementitious materials, lower w/cm, and high
volume fly ash content. The use of fly ash reduces the
coefficient of chloride diffusion due to the chloride binding
effect of fly ash.27 Intuitively, a lower effective chloride
diffusion coefficient value is expected to increase the time to
corrosion initiation, but service life prediction is beyond the
scope of this paper.
The chloride concentration profiles of cracked mortar and
cracked ECC, which were exposed to NaCl solution, are
shown in Fig. 6. The chloride concentration profiles of virgin
(BD = 0 mm) ECC and mortar specimens cured in the same
environment and of same age are also included in this figure.
The chloride contents at different depths from the exposed
surface were determined after 30 days of exposure to the
chloride environment. The chloride content in the cracked
zone decreased with increasing depth. As seen from Fig. 6,
the presence of cracks significantly modifies the chloride
transport properties of reinforced mortar. In all cases, chloride
concentrations increase with increasing crack widths, especially
in deeper depths from the top of the reinforced mortar
specimens. The increase is fairly high at crack widths larger
than 150 μm (0.006 in.) for mortar specimens. These conclusions are consistent with previous research findings.12 The
multiple cracking in ECC due to preloading alters the
transport properties measured as a function of beam
ACI Materials Journal/November-December 2007

Fig. 6—Chloride profiles of mortar and ECC prisms in
cracked zone at 30 days exposure.
Table 5—Chloride ponding test—effective
diffusion coefficient
Beam
Mixture deformation, Average crack
ID
mm (in.) widths, µm (in.)

Mortar

ECC
(M45)

Effective diffusion coefficient,
m2/second × 10–12
(in.2/second × 10–8)

0.00

—

10.58 (1.64)

0.50 (0.020)

~50 (0.002)

33.28 (5.16)

0.70 (0.028)

~150 (0.006)

35.54 (5.51)

0.80 (0.031)

~300 (0.012)

126.53 (19.61)

0.83 (0.033)

~400 (0.016)

205.76 (31.89)

0.00

—

6.75 (1.05)

0.50 (0.002)

~0

8.10 (1.26)

1.00 (0.039)

~50 (0.002)

27.99 (4.34)

1.50 (0.059)

~50 (0.002)

37.50 (5.81)

2.00 (0.079)

~50 (0.002)

54.22 (8.40)

deformation. It was found that chloride ingress increases as
the number of cracks in ECC specimens increased. This
increase, however, is relatively insignificant for ECC specimens
when compared with mortar specimens at the same deformation
levels. Thus, an ECC specimen with multiple microcracks
exhibited a much increased chloride penetration resistance.
The effective chloride diffusion coefficients of prisms,
calculated by using the chloride ion profiles mentioned
previously, together with Fick’s second law, are summarized
in Table 5. As expected, this table clearly demonstrates the
increase in effective diffusion coefficient with beam
deformation and crack width increase in the mortar specimens.
It was also found that the effective diffusion coefficient
increased as the number of cracks in the ECC specimens
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Fig. 7—Diffusion coefficient versus crack width for mortar
deformed under bending load.

Fig. 8—Diffusion coefficient versus number of cracks for ECC.
increased. Cracks within the ECC specimens opened to a
maximum width of approximately 50 μm (0.002 in.). As
designed, the ECC specimens reveal a significantly smaller
effective diffusion coefficient compared with the mortar
specimens preloaded to the same deformation level, again
reflecting the reduction in chloride ion transport rate as a
result of tight crack width control in the ECC.
Figure 7 shows the relationship between the effective
diffusion coefficient of chloride ions and crack widths in
mortar specimens exposed to 30 days of NaCl solution. At
the crack, salt solution may fill the crack and diffusion may
also occur from the crack plane.11 This is evident from the
high chloride concentrations measured along the depth of the
crack. The effective diffusion coefficient generally increased
with increases in the crack width and became almost
constant when the crack width fell below 150 μm (0.006 in.).
It appears that the effective diffusion coefficient of mortar
has the form of a power function of the crack width. The
relationship between crack width and chloride diffusivity
has also been examined by other researchers.12-14 Despite
the numerous investigations, a consensus of the relationship
between crack width and coefficient of diffusion has never
been reached. The variety of experimental methods to create
these cracks, the methods used to measure the chloride
transport properties, the methods used to measure the chloride
contents, and the reactivity of the chemical element within
the solid body are the main reasons for the diversity of results
obtained from these different studies.28
In the case of mortar beams reinforced with three layers of
steel mesh, pitting corrosion was also observed in the first
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Fig. 9—Diffusion coefficient versus preloading deformation
level for ECC and mortar.
layer of steel mesh of specimens having crack widths of
400 μm (0.016 in.) after 30 days of NaCl solution exposure.
Therefore, cracks can reduce the service life of reinforced
concrete structures by accelerating the initiation of corrosion
especially when the crack width is larger than 150 μm
(0.006 in.) when the diffusion coefficient picks up significantly.
For the ECC mixture, the crack width of all specimens for
the different beam deformation level is the same. As seen
from Fig. 1, even at large imposed deformation (2.0 mm
[0.079 in.]), crack widths of ECC remain nearly constant
after approximately 1% tensile straining, whereas the number
of cracks on the tensile surface of the ECC specimens
increased. For this reason, the effective diffusion coefficient
of ECC specimens at different deflection levels, exposed to
30 days of NaCl solution, are plotted against the number of
cracks in Fig. 8. Corresponding values for virgin ECC
specimens cured in the same environment and of same age
are also included in this plot. As the number of cracks along
the specimen grows, the effective diffusion coefficient of
ECC increased linearly with an increase in crack number,
which is in agreement with research findings by Konin et al.29
Figure 9 shows the relationship between the effective
diffusion coefficient of chloride ions and the beam deformation
level for mortar and ECC specimens. Despite the same or
higher magnitude of imposed overall deformation and higher
crack density, the ECC specimens reveal an effective diffusion
coefficient considerably lower than that of the reinforced
mortar because of the tight crack width control. Especially
for the higher deformation level, the effective diffusion
coefficient of mortar increased exponentially with beam
deformation. The effective diffusion coefficient of ECC,
however, increased linearly with the imposed deformation
value because the number of microcracks on the tensile
surface of ECC is proportional to the imposed beam deformation. The total chloride concentration profiles perpendicular
to the crack path indicate no significant chloride penetration
even at large imposed deformation (2 mm [0.079 in.]) for
ECC specimens.
The reason for the relatively low diffusion coefficient of
cracked ECC specimens is due to the tight crack width and
the presence of self-healing of the microcracks. The selfhealing of cracks becomes prominent when the crack width
is small. Based on experimental results, Edvardsen30 and
Reinhardt and Jooss31 proposed that cracks with widths
below 0.1 mm (0.004 in.) can be closed by a self-healing
process. In the case of precracked ECC specimens exposed
ACI Materials Journal/November-December 2007

Fig. 10—Self healing products in ECC microcracks before
and after salt ponding test at 30 days exposure.

different cracking patterns and crack widths. Cracks with
widths below 50 μm (0.002 in.) are distributed within the
surface of the ECC specimens as a result of bending load.
Even at large imposed deformation level, the crack width of
ECC remains nearly constant, whereas the number of cracks
increased. On the other hand, after bending load application,
a single large crack is present on the mortar specimens.
Especially at higher imposed deformation, ECC reveals an
effective diffusion coefficient significantly lower than that
of the reinforced mortar because of the tight crack width
control. The effective diffusion coefficient of ECC was
found to be linearly proportional to the number of cracks,
whereas the effective diffusion coefficient of reinforced
mortar is proportional to the square of the crack width.
Therefore, the effect of the crack width on chloride transport
was more pronounced when compared with that of the crack
number. Additionally, through the formation of small microcracks, a significant amount of self-healing was observed
within the ECC cracks subjected to NaCl solution, which
aides in further reducing the effective diffusion coefficient of
the microcracked ECC.
From the results of this study, it is concluded that ECC is
effective in slowing the diffusion of chloride ion under
combined mechanical and environmental (chloride exposure)
loading, by virtue of its ability to achieve self-controlled
tight crack width.
ACKNOWLEDGMENTS

Fig. 11—ESEM micrograph of rehydration products in selfhealed crack.
to salt solution, a distinct white deposit was visible over the
crack surface at the end of a 1-month exposure period (Fig.
10). These deposits were most probably caused by efflorescence due to leaching of calcium hydroxide (CH) into
cracks9 and due to the presence of NaCl ion in solution. This
white deposit on the crack surface easily blocked the flow path
due to the smaller crack width of ECC. An environmental scanning electron microscope (ESEM) observation of the fractured surface of ECC across a healed crack is shown in Fig.
11. The present ESEM observations show that most of the
products seen in the cracks were newly formed C-S-H gels.
CH and deposition of salts in the crack path were also
observed. These results indicate that microcracks of ECC
exposed to NaCl solution healed completely after exposure
for 30 days to NaCl solution. This can be attributed primarily
to the large fly ash content and relatively low water-binder
ratio within the ECC mixture. The continued pozzolanic activity
of fly ash is responsible for the self-healing of the crack,
which reduces the ingress of the chloride ions.
CONCLUSION
The results obtained from the immersion test indicated that
the performance of ECC in reducing chloride penetration
depth was better than that of mortar after 30-, 60-, and 90-day
immersion periods.
In the virgin beam specimens, the effective chloride diffusion
coefficient of ECC was lower than that of mortar, probably
due to higher amounts of cementitious materials, lower w/cm,
and high volume FA content. When subjected to four-point
bending loads, ECC and reinforced mortar beams exhibited
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