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This paper presents the durability of Engineered Cementitious Composites (ECC) that contain high
percentages of Class-F fly ash (FA). ECC is a newly developed high performance fiber reinforced cementitious
composite with substantial benefit in both high ductility in excess of 3% under uniaxial tensile loading and
improved durability due to intrinsically tight crack width. Composites containing two different contents of FA
as a replacement of cement (55 and 70% by weight of total cementitious material) are examined after 28 days
of curing. Accelerated aging (exposure to continuous sodium hydroxide at 38 °C and sodium chloride
solutions at room temperature) and tests of transport properties (salt ponding, rapid chloride permeability
and sorptivity tests) are used to study the effect of FA on the durability of the ECC. After accelerated aging,
direct tensile tests are performed to evaluate the effect of deterioration on the tensile strength, tensile strain
capacity and crack width of ECCs. In addition to virgin specimens, the durability performances of
mechanically loaded specimens are also tested. Test results show that both mechanically pre-loaded and
virgin (without pre-loading) ECC mixtures with high volumes of FA remain durable in terms of mechanical
performances after accelerated aging period, and show a tensile strain capacity of more than 2%. In terms of
transport properties, micro-cracks induced by mechanical pre-loading increase the chloride transport and
the sorptivity values of ECC. Moreover, increasing FA content is shown to have a negative effect especially on
the transport properties of ECC tested in this study. However, the risk of water transport by capillary suction
and chloride transport by diffusion in ECC, cracked or uncracked, is found to be comparable with that in
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normal sound concrete.
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1. Introduction

Mineral admixtures such as silica fume (SF), fly ash (FA) and
ground granulated blast furnace slag (GBFS) generally improve the
engineering properties of concrete when they are used as a mineral
additive or partial replacement of cement. Among these mineral
admixtures, FA is a finely divided residue that is a by-product from the
combustion of powdered coal in power plants. FA has been used in
concrete production for over 50 years in the world. It was used in
mass, conventional and high performance concrete to improve the
workability, to reduce the heat of hydration and thermal cracking at
early ages, and to improve the mechanical and durability properties
especially at later ages.

Engineered Cementitious Composites (ECC) is a new class of
HPFRCC micro-mechanically designed to achieve high damage
tolerance under severe loading and high durability under normal
service conditions [1-3]. Unlike ordinary concrete materials, ECC
strain-hardens after first cracking, similar to a ductile metal, and
demonstrates a strain capacity 300-500 times greater than normal
concrete (Fig. 1). Along with tensile ductility, the unique crack
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development within ECC is critical to its durability. Different from
ordinary concrete and most fiber reinforced concretes (FRC), ECC
exhibits self-controlled crack widths under increasing load (Fig. 1).
After initial loading, a small number of cracks form within the material
and begin to widen. This widening continues until they have reached
an average width of about 60 pm, at approximately 1% strain.
Following this, the initial cracks do not widen further as additional
tensile deformation is accommodated by the formation of new micro-
cracks until the material is saturated with these cracks, with spacing
about 1-2 mm. Regardless of the ultimate tensile strain, average crack
widths remain at about 60 pm. This is only possible through the
formation of steady-state “flat cracks” which exhibit a constant crack
width independent of crack length, in contrast to Griffith-type cracks
present in most FRC and HPFRCC materials which widen as the crack
grows [1-3]. The formation of steady-state cracking is the result of
micro-mechanical tailoring of ECC material.

Recently, various investigations have focused on the durability
performance of a widely studied “standard” ECC mixture, known also
as ECC M45, that has a fly ash-cement ratio of 1.2, by weight [4-12]. As
a result of these investigations, it has been shown that the standard
ECC mixture is highly durable under accelerated weathering tests
[6,12], freeze-thaw cycles with/without de-icing salts [4,10] and
reinforcement corrosion [7]. Furthermore, micro-cracked ECC exhibits
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Fig. 1. Typical tensile stress-strain curve and crack width development of ECC.

nearly the same transport properties as sound concrete, even when
strained in tension to several percent.

Recently, fly ash (FA) has become what some consider a necessary
component of ECC [4,13,14]. Increasing the amount of FA (up to 85%
replacement by weight of cement content) in high volume FA
(HVFA) ECC tends to improve robustness of tensile ductility while
retaining a long-term tensile strain of approximately 3% [4,13,14].
Moreover, with an increase of the FA amount, the crack width is
reduced from about 60 pm level to 10-30 um level or sometimes
even lower than 10 pum level, which may benefit the long-term
durability of HVFA-ECC structures. The improvement in the tensile
strain and crack width with the increase in the FA content can be
attributed to the fact that the increase in the FA content tends to
reduce the fiber/matrix interface chemical bond and matrix tough-
ness, while increasing the interface frictional bond, in favor of
attaining high tensile strain capacity [14]. As briefly mentioned
above, several studies have addressed the durability properties of
standard ECC mixture (M45) with the average crack widths about
60 pm after tensile loading, but no research work so far has been
reported on the durability properties of the newer version HVFA-
ECC with tighter crack width. Therefore, the objective of this
research is to assess the effect of FA on the durability properties of
HVFA-ECC. ECC mixtures with two different fly ash-Portland cement
(FA/PC) ratios (1.2 and 2.2 by weight) were prepared. After various
numbers of micro-cracks were introduced to the ECC beam and
coupon specimens by mechanical pre-loading, water sorptivity,
chloride penetration tests and accelerated aging were performed to
develop an understanding of the influence of FA/PC ratio (with
associated micro-crack widths) on durability characteristics.

2. Experimental studies
2.1. Materials and mixture proportions

The materials used in ECC mixtures were ordinary Portland cement
(PC), Class-F fly ash (FA), silica sand with average and maximum grain
sizes of 110 pym and 200 pm respectively, water, poly-vinyl alcohol
(PVA) fibers, and a high range water reducing admixture (HRWR). The
physical properties and chemical compositions of the FA and PC are
listed in Table 1. The PVA fibers with a diameter of 39 pum, a length of
8 mm are purposely manufactured with a tensile strength (1620 MPa),
elastic modulus (42.8 GPa), and maximum elongation (6.0%) match-
ing those needed for strain-hardening performance. Additionally, the
surface of the PVA fibers is coated with a proprietary oiling agent 1.2%
by weight to tailor the interfacial properties between fiber and matrix
for strain-hardening performance [15].

Details of the two ECC mixtures, with FA/PC of 1.2 and 2.2 by
weight, used in this investigation are given in Table 2. The ECC

mixtures were prepared in a standard mortar mixer at a constant
amount of cementitious material and constant water to cementitious
material (W/CM) ratio of 0.27. HRWR was added to the mixture until
the desired fresh ECC characteristics were visually observed.

The compressive strength of the two ECC mixtures at the ages of 7,
28 and 90 days is also listed in Table 2. A minimum of three
compression cylinders (75 mm diameter by 150 mm height) was used
to obtain the average compressive strengths, following ASTM (39
procedures. As seen from Table 3 and as expected, the compressive
strength of ECC decreased with increasing FA content. However even
at almost 70% replacement of Portland cement with FA (FA/PC=2.2),
the compressive strength of ECC at 28 days can be more than 35 MPa.

2.2. Specimen preparation and testing

From each mixture, 355x50x75 mm prism specimens were
prepared for salt ponding and sorptivity tests, and 100 x 200-mm
cylinder specimens were prepared for rapid chloride permeability test
(RCPT). In addition, 152.4x 76.2x 12.7 mm coupon specimens were
prepared for the direct uniaxial tensile test for the ECC mixtures under
different exposure conditions. All specimens were demolded at the
age of 24 h, and cured in sealed plastic bag at 95 4+ 5% RH, 23 + 2 °C for
7 days. The specimens were then air cured at 50 +5% RH, 23+2 °C
until the age of 28 days for testing. The complete testing program is
detailed below.

2.2.1. Salt ponding and rapid chloride permeability tests (RCPT)
Chloride ion profiles and diffusion coefficient of ECC was evaluated

in accordance with AASHTO T259-80 [16]. At the age of 28 days,

prisms surface were abraded using a steel brush as required by

Table 1
Physical properties and chemical compositions of FA and PC.
Chemical FA PC Physical properties FA PC
composition
Si0y, % 55.71 19.61 Moisture content, % 016 -
Al;03, % 2256 5.86 Loss on ignition, % 041 3.02
Fe,03, % 561 3.40 Amount retained on #325 sieve, % 23.63 -
Sum, % 83.88 28.87 Specific gravity 229 318
Cao, % 10.44 63.27 Autoclave soundness, % 0.02 -
MgO, % 178 0.95 Strength activity index w/ 771 -
SO3, % 0.54 2.45 Portland cement at

7 days, % of control
Na,0, % 024 047 Strength activity index w/ 855 -
K50, % 0.79 0.54 Portland cement at

28 days, % of control
Total alkalies, % 0.76 Water required, % of control 946 -

Available alkalies, % 0.26 -
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Table 2

Mixture properties of ECC and mortar.

Ingredients ECC-1 (M45) ECC-2
Water (W), kg/m> 331 327
Cement (PC), kg/m> 570 386
Fly ash (FA), kg/m> 684 847
Sand (S), kg/m> 455 448
Fiber (PVA), kg/m> 26 26
HRWR, kg/m> 49 3.7
FA/PC 1.2 2.2
w/CM*? 0.27 0.27
7-day compressive strength, MPa 381 21.6
28-day compressive strength, MPa 50.2 36.3
90-day compressive strength, MPa 55.4 41.9

¢ CM: cementitious materials (cement + fly ash).

AASHTO T259-80 (specimen surface shall be abraded if the concrete
or treatment is to be subjected to the wearing effect of vehicular traffic
(AASHTO T259)). Immediately after abrasion application, the prisms
were pre-loaded using four-point bending test to obtain different
crack widths. The ponding test was carried out with the pre-loaded
specimens in the unloaded state. Some amount of crack closure
occurred on unloading. To account for this, all crack width measure-
ments were conducted in the unloaded stage. The widths of the crack
were measured on the surface of the specimens along the span length
(100 mm) by an optical microscope. The average width of the
resulting crack was obtained through measurement of the crack
widths at five points. Table 3 shows the pre-loaded beam deformation
value, their corresponding average crack widths and number of cracks
for prism specimens. Two virgin prisms from each mixture were
tested without pre-loading for control purpose. Table 3 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. Micro-mechanically designed ECC
changes the cracking behavior from one crack with large crack
width to multiple micro-cracks (Fig. 2).

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 (Fig. 3). At 29 days of age, a 3% of NaCl
solution was ponded on the cracked surface of prisms. In order to
retard the evaporation of solution, aluminum plates were used to
cover the top surface of the specimens. After 30 days of sodium
chloride exposure, it was found that chloride penetration was

Table 3
Chloride ponding test — effective diffusion coefficient, crack widths and numbers of ECC
prisms.

Mix ID Beam Crack Average Diffusion RCPT®
deformation number®  crack coefficient coulomb
widths m2/sx 10~ 2
mm nm 30 days 90 days
ECC-1 (M45) 0.0 0 - 6.7 4.6 501
1.0 15 ~50 28.0 - =
1.5 21 ~50 375 - -
2.0 35 ~50 54.2 - -
ECC-2 0.0 0 - 10.7 5.1 1178
1.0 6 ~10 271 - -
15 26 ~25 48.8 - -
2.0 36 ~35 106.3 - -

¢ Since all crack width measurements were conducted in the unloaded stage, the
crack number, especially in the case of pre-cracked ECC-2 specimens, is likely
undercounted due to the closing of many tiny cracks.

b Because of the expected differences in electrical resistance between two ECC
mixtures, the RCPT values may reflect this difference and therefore should be
interpreted with care.

3 mm

Fig. 2. Typical crack pattern on positive moment surface of ECC beams at 2 mm
deformation [5].

concentrated at the locations of pre-cracks, and the penetration
depth was deep, approximately 0-50 mm depending on the pre-
loaded beam deformation value. For this reason, after 30 days of
ponding, the salt solution was removed from the pre-loaded prism
surface and powder samples were taken from each specimen for
measuring chloride concentration with depth. For the virgin speci-
mens, chloride concentration profile determination was conducted
after 30 days and 90 days (in accordance with AASHTO T259-80) of
NaCl solution exposure. In the case of the cracked ECC beams, chloride
penetration occurs at multiple locations corresponding to where the
multiple cracks were formed during the pre-load because, for cracked
specimens, the majority of chloride penetration occurs through the
crack and was not uniform through the material area. Fig. 3 also shows
an irregular demarcation boundary (black profile) between the wet
and dry zones revealed on the side-surface of the pre-cracked
specimen after 30 days of NaCl solution exposure. For this reason,
powder samples for chloride analysis of cracked ECC specimens were
taken where the multiple cracks were formed during the pre-load
(Fig. 3) by using a 15 mm diameter rotary drill bit. Total chloride
content by weight of material at each sampling point was examined
according to AASHTO T 260-97 [17].

The chloride profiles were then input into statistical and curve-
fitting software. Crank's solution to Fick's second law, was fitted to the
data (Eq. (1)) [18]. The regression analysis yielded the values of the
effective diffusion coefficient (D.) and surface chloride concentration
(Gs) for each specimen.

_ . X
Caty = G, {1 <2 mﬂ M)

where, “x” is the distance from concrete surface; “t” is the exposure
time; “C(x)” is the chloride concentration at time “t” at depth “x”; “C;”
is the surface chloride concentration; “D.” is the effective chloride
diffusion coefficient; and “erf( )" is the error function. This equation
assumes that concrete is homogenous in structure and that diffusion
coefficient is independent of the moisture state of concrete, chloride
concentration and temperature, and the binding isotherm is linear
[19]. In reality, the transport behavior of the chloride ions in concrete
is @ more complex and complicated transport process than what can
be described by Fick's second law of diffusion. For this reason, 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 (D.) that combined all transport mechanisms.
Even though effective diffusion coefficient calculated from Eq. (1) is
not a “true” diffusion coefficient, D. forms a reasonable basis of
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Fig. 3. Typical ECC prisms (355 % 75 x50 mm) during and after 30 days salt solution exposure and location of the sampling for chloride profiling.

comparing the transport properties of cracked and uncracked ECC
specimens exposed to salt ponding.

The resistance to the chloride ion penetration of ECC mixtures was
also measured by the Rapid Chloride Penetration Test (RCPT) at ages
of 28 days in accordance with ASTM C1202 [20].

2.2.2. Sorptivity (absorption) test

At 28 days, all ECC beams (355x50x75 mm) were dried in an
oven at 5045 °C until a constant mass (constant mass — the
difference between any two successive values is less than 0.5% of the
lowest value obtained) is reached. The duration of the drying period to
reach constant mass for ECC specimens was 3 days. Except for the
control specimens, beam specimens were then pre-cracked by
applying different deflections up to 2.0 mm using a four-point
bending test to obtain different crack frequencies. After bending
pre-load, 75 x 75 x 50 mm prisms from the central span of each beam
specimen (100 mm) were cut for sorptivity tests. The sorptivity test
was carried out with the pre-loaded oven dried ECC specimens in
the unloaded state. As in the specimens for salt ponding test, all
crack widths were measured in the unloaded state to account for
crack closure on unloading. The number of cracks and crack width
were measured using an optical microscope. The crack widths thus
measured represent the maximum opening at the tensile surface of
the beam. Table 4 shows the average crack widths, and corre-
sponding number of cracks over the gauge length of 75 mm for the
ECC prism specimens used for the sorptivity test. In the case of
pre-cracked specimens, sorptivity value of ECCs is calculated from
two oven dried specimens. For each mixture, three virgin (with
no pre-loading) oven dried prisms were also tested for control
purpose.

The sorptivity (absorption) test was based on ASTM C1585 [21].
The test consisted of registering the increase in mass of a prism

specimen (75x 75 x50 mm) at given intervals of time (1, 2, 3,4, 6, 8,
12, 16, 20, 25, 36, 49, 64, 81, 120 and 360 min) when permitted to
absorb water by capillary suction. Only one surface of the specimen
(negative moment surface — tensile face during pre-loading) was
allowed to be in contact with water, with the depth of water between
3 and 5 mm (Fig. 4-a). A typical plot of the cumulative water
absorption (normalized per unit surface area) as a function of the
square root of time is shown in Fig. 4-b. It can be seen that the
cumulative volume of water absorbed per unit surface area (mm?/
mm?) in the specimens increased with the square root of time. This
test was chosen as it measures the rate of ingress of water through
unsaturated concrete. Therefore, it can be considered a measure of
water transport associated with capillary suction.

2.2.3. Uniaxial tensile testing

ECC structural members may be exposed to high alkaline and/or
marine environments (referred to as NaCl solution for this study) and
alkalis and/or NaCl solution will penetrate through micro-cracks or
even the uncracked matrix that could lead to modifications in the
material microstructure and hence changes in the composite proper-
ties. Due to the delicate balance of cement matrix, fiber, and matrix/
fiber interface properties, the strain capacity of ECC may change under
high alkaline and marine exposure conditions. Therefore, the
durability of composites (fiber plus matrix — ECC) must first be
evaluated before it can be used in real field conditions.

After 28 days of curing, the coupon specimens were pre-loaded to
0.5,1.0,1.5 and 2.5% direct tensile strain to achieve various amounts of
micro-cracking before exposure to sodium chloride (NaCl) solution,
and to 1.0 and 2.0% direct tensile strain before exposure to sodium
hydroxide solution (NaOH). Before testing, aluminum plates were
glued to both ends of the coupon specimen to facilitate gripping. Tests
were conducted on an MTS machine with 25 kN capacity under

Table 4

Sorptivity test — sorptivity, crack widths and numbers of ECC prisms.

ECC-1 (M45) ECC-2

Beam deformation No. of cracks Average crack Sorptivity Beam deformation No. of cracks Average crack Sorptivity
(mm) widths (pm) (mm/min'/?) (mm) widths (pm) (mm/min'/?)
0.0 - - 0.028 0.0 - - 0.030

0.5 2 ~25 0.032 0.5 1 ~10 0.032

0.5 3 ~30 0.037 0.5 3 ~15 0.039

0.5 4 ~27 0.057 1.0 7 ~17 0.075

1.0 5 ~61 0.060 1.0 9 ~20 0.088

1.0 6 ~38 0.052 1.5 11 ~19 0.099

1.0 7 ~35 0.071 1.5 14 ~18 0.114

1.5 9 ~37 0.087 2.0 17 ~23 0.165

2.0 14 ~63 0.142 2.0 19 ~17 0.187
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Fig. 4. (a) Schematic diagram of sorptivity test (specimen dimensions: 75x 75 x 50

displacement control at a rate of 0.005 mmy/s. Typical stress-strain
curves of the pre-loaded specimens are shown in Fig. 5.

When the tensile strain reached the required pre-determined
strain value, the tensile load was released. As in the beam specimens
after bending test, a small amount of crack closure occurred on
unloading. To account for this, all crack widths were measured in the
unloaded stage. The widths of the crack were measured on the surface
of the specimens with an optical microscope. Table 5 shows the pre-
loading tensile strain value, their corresponding average crack widths,
and number of cracks within the pre-cracked coupon specimens. The
gage length used in these measurements was about 50 mm. As seen
from Table 5, even at large uniaxial tensile strain level, crack widths of
ECC remain nearly constant, while the number of cracks on tensile
surface of the ECC specimens increased. As expected, a higher tensile
strain coincides with more cracks. Fig. 5 also shows typical stress—
strain curves of ECC specimens that had been pre-cracked to 1% or 2%
strain levels, then unloaded, and immediately reloaded. Thus, these
specimens had no time to undergo any crack healing. As expected,
there is a remarkable difference in initial stiffness between virgin
specimen and pre-cracked specimen under direct tension. This is due
to re-opening of cracks within pre-cracked specimens during re-
loading [22]. The opening of these cracks offers very little resistance to
load, as the crack simply opens to its previous crack width before fiber
bridging is fully re-engaged. Once fiber bridging is re-engaged,
however, the load capacity resumes, and further tensile straining of
the intact material can take place.

The pre-loaded ECC specimens together with some uncracked
(virgin) specimens without pre-loading were then continuously

Pre-loading -1.0%
at 28 days

Loading up to failure

Pre-loading -2.0%
at 28 days

at 28 days

'i* 4 Re-loading after
a pre-loading - 1%
=
=
[}
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Q
=
(7]

0.0 T T T T
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7‘
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mm) [8], (b) typical result of water absorption as a function of square root of time.

immersed in 1 N NaOH solution at 38 °C for 30 and 90 days, and 3%
NaCl solution at room temperature for 30, 60, 90 and 180 days.
Subsequently direct tensile measurements on these specimens were
conducted and stress-strain curves were recorded. In the case of
uncracked specimens, average strain capacity, ultimate strength and
residual crack width of ECC are an average of four specimens. In the
case of pre-cracked specimens, average strain capacity, ultimate
strength and residual crack width of ECC are calculated from a
minimum of four and maximum of six specimens. For control purpose,
virgin specimens were also tested up to 180 days of additional curing
(after 28 days) in laboratory condition (50 4 5% RH, 23 +2 °C).

3. Results and discussions
3.1. Salt ponding and rapid chloride permeability tests (RCPT)

The chloride concentration profiles of uncracked and cracked ECC
specimens from the ponding test of prism specimens are shown in
Fig. 6. The chloride contents at different depths from the exposed
surface were determined after 30 days of exposure to chloride
environment. As in the virgin specimens (beam deformation —
BD=0), the chloride content in the micro-cracked zone decreased
with increasing depth because micro-cracks generated in beams under
bending load had a crack width reducing along its depth (V-shaped). As
seen from Fig. 6, the multiple cracking in ECC due to pre-loading alters
the transport properties measured as a function of beam deformation.

The effective chloride diffusion coefficients of prisms, calculated in
accordance with Fick's second law, are summarized in Table 3. The

6.0
e
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= 4.0
o
£
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4 [
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Fig. 5. A typical tensile stress-strain curves for pre-loading and re-loading ECC specimens.
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Table 5

Crack widths and numbers of pre-cracked ECC coupons.

ECC-1 (M45) ECC-2

Pre-loading Average Crack Pre-loading Average Crack
tensile strain  crack widths  number  tensile strain  crack widths  number
(%) (nm) (%) (pm)

0.5 ~36 7 0.5 ~24 7
1.0 ~44 12 1.0 ~30 16
15 ~50 16 15 ~28 23
2.0 ~55 21 2.0 ~38 25

- - - 2.5 ~31 37

effective diffusion coefficients of the virgin ECC specimens calculated
on the basis of 30 days of exposure are higher than that of 90 days of
exposure. This exposure age dependence of effective diffusion
coefficient is due to the continuing PC&FA hydration process which
is beneficial in reducing pore sizes and densifying the matrix [23].
Table 3 also shows the relationship between the effective diffusion
coefficient and beam deformation level/crack width-number in ECC
specimens exposed to NaCl solution for 30 days. As seen from Table 3,
the crack width of all specimens even at large imposed deformation
level is lower than 50 pm, while the number of cracks on tensile
surface of the ECC specimens increased. Fig. 7 shows the relationship
between the effective diffusion coefficient of chloride ions and the
beam deformation level for ECC specimens exposed to NaCl solution
for 30 days. As seen from the figure, the effective diffusion coefficients
of ECC-1 increase at a steady rate with the imposed deformation value
(or number of cracks), which is in agreement with research findings
by Konin et al. [24]. On the other hand, for the higher deformation
level (BD>1 mm), the effective diffusion coefficients of ECC-2 increase
suddenly at higher deformation levels. It is speculated that this
sudden increase in effective diffusion coefficient of ECC-2 is associated
with the increase in the number of extremely tiny cracks, which were
not detected due to their closing on specimen unloading. Since the
micro-cracked specimens are almost dry when they are first exposed
to salt solution in accordance with AASHTO T259, the presence of even
almost closed tiny cracks may affect the chloride penetration
significantly because of capillary suction (see Section 3.2). In addition
to crack number and width, crack length may also influence the
effective diffusion coefficient of ECC. However, due to the tight crack
width, it is not easy to quantify the cracks length accurately in micro-
cracked ECC. Further studies are needed to properly quantify the crack
width and crack depth of micro-cracked ECC, and their effects on
effective chloride diffusion of ECC.

For comparison purpose, typical values for the effective diffusion
coefficient found in the literature are given in Table 6. It should be
noted that values of effective diffusion coefficient found in the
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Fig. 7. Effective diffusion coefficient (calculated after 30 days of sodium chloride
exposure) versus pre-loading beam deformation level.

literature are generally determined by different methods, maturity
and curing conditions, and the resulting values are influenced by the
methodology employed. As seen (Tables 3 and 6), the effective
chloride diffusion coefficient of virgin ECC is not significantly different
than that of normal mortar or concrete determined from previously
investigations. Moreover, both ECC materials revealed a significantly
smaller effective diffusion coefficient compared to the mortar speci-
mens pre-loaded to the same deformation level (Fig. 7), reflecting the
reduction in chloride ion transport rate as a result of tight crack width
control in the ECC [5], which is also in agreement with research
findings by Ismail et al. [27].

The reason for the relatively low effective diffusion coefficient of
cracked ECC specimens is not only due to the tight crack width but also
the presence of self-healing of the micro-cracks. Based on experi-
mental results, Sahmaran et al. proposed that micro-cracks of ECC can
be easily closed by a self-healing process even after exposure for
30 days to NaCl solution [5]. The results of a study conducted by Ismail
et al. also confirm that in the case of cracks with width below 60 pm,
the self-healing potential of the mortar matrix can impede the
effective chloride diffusion along a crack path [27]. The observed self-
healing in ECC can be attributed primarily to the large FA content and
relatively low water to binder ratio within the ECC mixture [4-6,9,11].
The continued pozzolanic activity of unhydrated FA and cement
particles is responsible for the self-healing of the crack which reduces
the ingress of the chloride ions [4-6,9,11].

Cracks opened to a maximum width of approximately 50 pm
within the ECC-1 specimens, and 35 pm within the ECC-2 specimens.
However, as seen from Table 3 and Fig. 7, no significant difference in
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Fig. 6. Chloride profiles of ECC prisms in cracked zone at 30 days exposure.
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Table 6
Typical values for the effective chloride diffusion coefficient.

Source Material W/CM Paste Diffusion coefficient
vol. (%) (m?/sx10~12)
Page etal.[25]* PC paste 0.50 100 4.50
PC paste + 30% FA 0.50 100 1.50
PC paste + 65% GBFS 0.50 100 0.40
McGrath and  PC concrete 0.40 35 6.30
Hooton [26]° PC + 8% GBFS concrete 0.40 35 2.25
PC + 8% FA concrete 0.40 35 3.35
PC + 8% SF concrete 0.40 35 0.88
PC +40% GBFS + 8% SF 0.31 40 0.21
concrete
PC + 30% FA + 8% SF 0.31 40 0.30
concrete
Sahmaran PC mortar (BD=0.00 mm- 0.35 40 10.58
et al. [5]° CW =0 um)
PC mortar (BD=0.50 mm- 0.35 40 33.28
CW =50 pm)
PC mortar (BD=0.70 mm- 0.35 40 35.54
CW =150 um)
PC mortar (BD=0.80 mm- 0.35 40 126.53
CW =300 pm)
PC mortar (BD=0.83 mm- 0.35 40 205.76
CW =400 pm)

@ Diffusion coefficients were calculated after 60-day moist curing at 22 °C.

b Diffusion coefficients were calculated after 56 days moist at 23 °C.

¢ Diffusion coefficients were calculated after specimens were subjected to the same
curing condition and period as applied in this study.

the effective diffusion coefficient was observed when crack widths
were changed between the 10 and 50 pm (The data point for beam
deformation of 2.00 mm actually shows an increase of effective
diffusion coefficient with a decrease of crack width from 50 pym (ECC-
1) to 35 pm (ECC-2.)). Therefore, distinct from the mortar specimens
that showed significant increase in effective diffusion coefficient when
the crack width increases, especially at larger than 150 pm [5], the
effective diffusion coefficient appears not to follow this trend for ECC
specimens. Moreover, even though ECC-2 (FA/PC=2.2) has tighter
crack width compared with ECC-1 (FA/PC=1.2) specimens, the
effective diffusion coefficients of ECC-2 for the virgin and micro-
cracked specimens are higher than that of ECC-1 specimens, at given
beam deformations. Normally, it is accepted that increasing FA content
is an effective means for reducing the coefficient of effective chloride
diffusion due to both its chloride binding effect and pore refinement
[28]. These benefits, however, are usually manifested at later ages with
little improvement being observed after ages of 28 days or so [29].

The rapid chloride permeability test results for virgin ECC mixtures
at 28 days are also shown in Table 3. They are expressed in terms of the
total electrical charge in coulombs, which provides an indirect
measure of the resistance of ECC to chloride ion penetration. The
data presented in Table 3 show that standard ECC mixture (ECC-1
(M45)) exhibited excellent resistance to chloride ion penetration with
the total charge exceeding 501 C at the age of 28 days. On the other
hand, increasing FA content from 55% to about 70% reduces the
resistance to chloride ion penetration of ECC. This trend is in stark
contrast to that observed from previous studies; HVFA (up to 70%) can
considerably improve the performance of concrete in terms of
reduced chloride ion penetration according to ASTM (1202 test
method [30]. The reason for the observed lower resistance to chloride
ion penetration in the case of ECC-2 may be attributed to the fact that
specimens were cured in air after a 7-day sealed curing, and because
of lack of curing, most of the FA particles in the matrix remain without
any chemical reaction. Since ECC-2 has more FA content than ECC-1, it
has been more negatively affected by the lack of curing. The benefits of
using Class-F FA in concrete in terms of improved durability properties
such as chloride ion penetration resistance is usually manifested at
later ages with the continuous supply of moisture [30].

In spite of the increase in RCPT value, the ECC-2 still satisfies a low
chloride ion penetration level, according to ASTM C1202. It should also

be noted that the RCPT results depend on the electrical conductivity of
pore solution, which is determined by the composition of the pore
solution. The electrical conductivity or RCPT value of a concrete can be
reduced by lowering the alkalinity of concrete pore solution. When FA
with low lime and low alkali contents, as in this study (Table 1), is
used to partially replace PC, the concentration of alkali ions and
associated hydroxyl ions in the pore solution generally decreases
significantly, and the extent of this reduction depends also on FA
replacement level [31]. Because of the expected differences in
electrical resistance between two ECC mixtures, however, the
electrical conductivity values may also be different. As a result, the
RCPT values may reflect this difference and therefore should be
interpreted with care.

3.2. Sorptivity test

Table 4 presents the sorptivity values of the ECC mixtures
determined after a 28-day curing period. Sorptivity test was
conducted to determine how load-induced micro-cracks of ECC affect
the capillary suction (absorption) of concrete. The cumulative water
absorption per unit area of the specimen up to 6 h was fitted using
linear regression and the equation obtained was used to describe
capillary actions in the first 6 h. Fig. 8 shows the relationship between
the sorptivity (mm/min'/?) over 6 h and the number of cracks, for ECC
specimens. Corresponding values for virgin ECC specimens (data
points with zero number of cracks) are also included in this plot. As
seen from the figure, the presence of micro-cracking in ECC
significantly alters the transport properties measured as a function
of the number of micro-cracks. The water absorption increase is fairly
high as the number of cracks on the surface of the ECC specimens
increases. Therefore, the sorptivity test shows that micro-cracked ECC
specimens would be more vulnerable to attack than virgin specimens.
As the number of cracks along the specimen grows, the sorptivity of
ECC increased exponentially. From Fig. 8, the effect of increasing FA
content from 55% to about 70% on the sorptivity values could not be
discerned. It should be noted that because of the closing of many tiny
cracks in the unloaded stages, the crack number, especially in the case
of the pre-cracked ECC-2 specimens, is likely undercounted. As a
result, the correlation between the crack density and sorptivity value
may be different, and therefore should be interpreted with care.

According to Neville [32], typical sorptivity is 0.09 mm/min'/? for
oven dried at 105 °C normal concrete specimen with a W/C ratio of
0.40. Other research suggested that ordinary Portland cement
concrete with W/C ratio of 0.40-0.50 would have sorptivity of about
0.23 mm/min'/? [33-35]. Therefore, the measured sorptivity
(<0.19 mm/min'/?) for the cracked ECC specimens was not particu-
larly high when compared to that of conventional concrete. The reason
for the lower sorptivity of ECC mixtures may be attributed to a
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Fig. 8. Sorptivity versus number of crack.
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significantly lower W/CM ratio, high FA content and absence of coarse
aggregate. The use of FA probably resulted in a denser matrix, by
reducing the pore size and thickness of transition zone between fiber
and surrounding cementitious matrix [36]. According to the Mehta
and Monteiro [37], the existence of micro-cracks in the interfacial
transition zone at the interface with coarse aggregate is the primary
reason that concrete is more permeable than the corresponding
hydrated cement paste and mortar. Moreover, Sahmaran and Li [8]
also studied the absorption rate in cracked ECC, and found that the use
of water repellent admixture in the production of ECC could easily
inhibit the sorptivity even for the mechanically pre-loaded ECC.

Moreover, the sorptivity values of cracked ECC specimens given
in Table 4 likely represent upper limits of sorptivity in actual struc-
tures. This is because the effect of self-healing of micro-cracked ECC
has not been accounted for in these specimens due to the short
experimental duration. In this experimental study, the sorptivity of
ECC specimens was determined following exposure to water for 6 h.
Under wet and dry cycles, micro-cracks in ECC were found to close
due to self-healing [5,22], thus slowing further water intake and
reducing the rate of water absorption. As also mentioned above,
this healing can be due to continued hydration of unhydrated par-
ticles in the composites, creating C-S-H bridges between crack lips.
Even though the adding FA from 55% (FA/PC=1.2) to about 70%
(FA/PC=2.2) on sorptivity value appeared to be insignificant, the
use of HVFA-ECC are likely to promote self-healing behavior since
the crack width reduces as FA content increases at all ages (see
crack widths in Tables 3, 4 and 7).

3.3. Uniaxial tensile behavior

3.3.1. Under laboratory environment

Table 7 shows the tensile behavior of ECC mixtures cured in air at
different ages, after an initial 7-day moist curing. These ECC
composites exhibited a strain capacity of more than 3.5% at 7 days.
The strain capacity measured after 7 days is lower than the 7-day
strain capacity for both ECC mixtures; however the observed ~3.0%
long-term strain capacity remains acceptable for an ECC. This slight
drop in long-term strain capacity should be accounted for by using the
lower long-term value in structural design. Based on the similarity of
test results up to 210 days, the tensile strain capacity seems to stabilize
at about 3.0% for ECC-1 (M45) and 3.5% for ECC-2 after 28 days. The
time dependent strain capacity change described above has been
known for sometime and is ascribed to the increase in fiber/matrix
interface properties and matrix toughness associated with the
continued PC&FA hydration process [14]. As can be seen from
Table 7, the increase of FA-PC ratio improves the tensile strain of
ECC at all ages. The improvement in the tensile strain with the increase
in the FA content can be attributed to the fact that increase in the FA
content tends to reduce the PVA fiber/matrix interface chemical bond

Table 7
Tensile properties of ECC specimens cured in laboratory air after 7-day moist curing.

and matrix toughness, while increasing the interface frictional bond,
in favor of attaining high tensile strain capacity [14]. On the other
hand, the increase in the FA content did not influence the tensile
strength, and it is above 4.0 MPa at all ages except for ECC-2 at 7 days.
Table 7 also gives the effect of FA content on the residual crack width
at different ages. It was found that the crack width reduces
significantly as FA content increases at all ages. At the age of
210 days, the residual crack width of ECC-2 is about 10 pm. The
reason for this is not completely clear, but is likely associated with the
higher fiber/matrix interface frictional bond. The lower magnitude of
the crack width is expected to promote the self-healing behavior, and
thus the transport properties in cracked composites, and aids in
enhancing structural durability.

3.3.2. Under high alkali exposure

Even though no deleterious expansion has been expected due to
alkali silica reaction because of the high volume FA content, small sand
particle size and micro-fibers in ECC [6], durability of HVFA-ECC must
be evaluated under high alkaline environments. Alkalis will penetrate
through micro-cracks or even the uncracked matrix that could lead to
modifications in the material microstructure and hence changes in the
composite properties. Table 8 summarized the tensile strain capacity,
tensile strength, and crack width of ECC with various pre-loaded strain
values, and alkali exposure condition at 38 °C. Typical tensile stress—
strain curves obtained for coupon specimens pre-cracked at 28 days
and subsequently immersed in an alkali solution, and control
specimens cured in air are shown in Fig. 9. As seen in this figure, the
first-cracking strength of pre-cracked ECC specimens after alkaline
solution immersion falls below the first-cracking strength of the virgin
specimens cured in air and in alkaline environment. By comparing the
initial material stiffness of reloaded ECC specimens stored in sodium
hydroxide solution in Fig. 9 with that shown for the reloaded
specimens before exposure in Fig. 5, it can be observed that a
significant recovery of mechanical stiffness has been achieved. This
suggests that between the time of inducing pre-cracking and the time
of testing, after immersion in alkaline solution, healing of the micro-
cracks has occurred in the ECC specimens. This can be attributed
primarily to the high CM content and relatively low W/CM ratio within
the ECC mixture. As a result of the formation of micro-cracks due to
mechanical loading, unhydrated cementitious particles are easily
exposed to the NaOH solution at 38 °C, which leads to the
development of further hydration processes. Finally micro-cracks
under conditions of a wet environment were closed by newly formed
products. Newly formed C-S-H gels in the micro-cracks of ECC
specimens subjected to NaOH solution are also evident from the ESEM
observations [6].

The average ultimate tensile strength and strain values are
summarized in Table 8. Compared to control specimens cured in
laboratory air, the test results indicate that the ECC specimens stored

Table 8
Tensile properties of ECC under alkali exposure conditions.

Specimen type Tensile strain ~ Tensile strength ~ Residual crack width Specimen type Tensile Tensile strength Residual crack
(%) (MPa) (um) strain (%) (MPa) width (pm)

ECC-1 (M45) 7d. 3.90 [0.65] 4.46 [0.15] ~56 ECC-1 (M45) Pre-loading—0.0%, 30 d. 2.80[0.23] 4.64[0.67] ~85

28 d. 2.70 [0.63] 4.96 [0.40] ~51 Pre-loading—0.0%, 90 d. 2.49 [0.56] 4.55[0.17] ~85

60 d. 2.86 [0.58] 4.81 [0.64] ~45 Pre-loading—1.0%, 30 d. 2.73[0.37] 4.36[0.19] ~75

90 d. 2.51 [0.19] 4.75 [0.32] ~35 Pre-loading—1.0%, 90 d. 2.51[0.21] 4.56 [0.46] ~80

120d.  3.02 [0.60] 4.64 [0.32] ~28 Pre-loading—2.0%, 30 d. 2.75[0.41] 4.21[0.13] ~95

210d.  2.83[0.40] 439 [0.17] ~26 Pre-loading—2.0%, 90 d. 2.44[0.38] 4.39 [0.45] ~90
ECC-2 7 d. 4.54 [0.26] 3.32[0.20] ~37 ECC-2 Pre-loading—0.0%, 30 d. 2.79 [0.21] 4.52[0.33] ~65

28 d. 3.51 [0.08] 4.35[0.46] ~28 Pre-loading—0.0%, 90 d. 2.52[0.16] 4.46 [0.18] ~55

60 d. 418 [0.55] 415 [0.42] ~23 Pre-loading—1.0%, 30 d. 2.62[0.28] 4.32[0.56] ~65

90 d. 3.65 [0.60] 4.31[0.20] ~18 Pre-loading—1.0%, 90 d. 2.26 [0.21] 4.40 [0.11] ~50

120d.  3.34[0.20] 422 [0.28] ~10 Pre-loading—2.0%, 30 d. 2.70 [0.56] 4.23[0.32] ~65

210d.  3.82[0.48] 4.33[0.33] ~10 Pre-loading—2.0%, 90 d. 2.07 [0.07] 4.25[0.23] ~65

Numbers in brackets are standard deviations.

Numbers in brackets are standard deviations.
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Fig. 9. Effect of alkali exposure on tensile behavior of ECC-1 (M45) specimens pre-
loading to 2% tensile strain [6].

in NaOH solution show a slightly lower or similar ultimate tensile
strength, and lower tensile strain values with the specimens cured in
laboratory air. However, the tensile strain capacity given in this table
does not include the residual strain from the pre-cracking load as
explained in Section 2.2.3 (Uniaxial tensile testing). By neglecting this
residual strain, the large variability in material relaxation during
unloading is avoided, and a conservative estimation for ultimate strain
capacity of the material is presented. The tensile strain capacity of
virgin and pre-cracked ECC specimens exposed to NaOH solution
averaged between 2.44% and 2.80% for ECC-1 (M45) and 2.07% and
2.79% for ECC-2. Increasing levels of FA lead to higher reductions in the
tensile strain capacity compared with standard ECC mixture (ECC-1,
M45).

The reduction in tensile strain capacity of ECC specimens stored in
NaOH solution at 38 °C may be attributed to changes of the fiber/
matrix interface. For example, Li et al. [12] examined the interfacial
microstructure change of PVA-ECC in hot water (60 °C) exposure.
They observed that after immersing the composite in hot water for
26 weeks, the fiber bridging property has deteriorated through an
increase in the chemical bond (G4) of the fiber-matrix interface
combined with a decrease in the apparent fiber strength (ofi*). This
combination of changes in G4 and of" results in a crack bridging
stress-crack opening curve that has smaller complementary energy
than the same ECC without hot water exposure. Consequently, the
condition for strain hardening is more readily violated in such
composites after long-term exposure, leading to unsaturated multiple
cracking and associated reduced strain capacity [12]. In the case of
higher FA content (ECC-2), alkalis may more easily penetrate through
matrix because of lower matrix strength and compactness especially
at early ages, and that could lead to more modifications in the material
microstructure and hence changes in the composite properties.
Despite a reduction in ductility, both of the ECC mixtures after
90 days of alkali solution exposure are found to retain tensile ductility
at least more than 200 times that of normal concrete and FRC with no
environmental exposure. For this reason, it is expected that the ECC
composites investigated are suitable for long-term application under
high alkaline environments if the structure is designed based on long-
term mechanical properties. Moreover, exposure condition used in
this study provides a continuous supply of alkali ions. Such a supply
may not be available in real field conditions and therefore, the present
test may impose a more accelerated and severe exposure environment
when compared with real field conditions.

The residual crack width at different ages of ECC mixtures are also
given in Table 8. The term residual crack width of ECC indicates that
crack width was measured from the unloaded specimen after the
direct tensile test. The residual crack width of virgin and pre-cracked
specimens exposed to NaOH solution is wider than that of sound air
cured specimens, but remains less than 100 pm. In terms of
permeability and diffusion, crack width less than 100 pm generally

behave like sound concrete [5,11]. Based on previous experimental
results [4-6,9,22], the authors proposed that cracks with width below
100 pm can experience self-healing. However, more experimental
studies on a micro-mechanical scale are necessary to clearly under-
stand the mechanisms behind the reduction in the ultimate tensile
strain, strength and increased crack width.

3.3.3. Under sodium chloride exposure

Table 9 summarized the tensile strain, strength, and crack width of
ECC specimens with various pre-loaded strain value and NaCl solution
exposure conditions. Typical tensile stress-strain curves obtained for
specimens before and after exposure to NaCl solution are shown in
Fig. 10. By comparing the initial material stiffness of reloaded ECC
specimens exposed to NaCl solution, as in the exposure of NaOH
solution, it can be observed that a significant recovery of elastic
stiffness has been achieved. This suggests that between the time of
inducing pre-cracking and the time of testing, after exposure to NaCl
solution, healing of the micro-cracks has also occurred in the ECC
specimens. The reason of self-healing has already been discussed
before and in Refs. [5] and [9].

The average ultimate tensile strength values are shown in Table 9.
Compared to control specimens cured in laboratory air (Table 7),
despite some scattering in the test results, the specimens (pre-cracked
and uncracked) stored in NaCl solution show a slight reduction in
ultimate tensile strength over the 180-day exposure period; this may
be attributed to the effects of damage on the fiber/matrix interface due
to immersion of humid environment [12,14]. The other reason of slight
reduction in the tensile strength of ECC specimens when exposed to
NaCl solution may be attributed to the effects of leaching of calcium
hydroxide from the specimens [9]. Water not saturated with calcium
hydroxide (high-calcium hydrated lime) may affect test results due to
leaching of lime from the test specimens [38]. However, more
experimental studies on a micro-mechanical scale are necessary to
understand the reasons of the reduction in the ultimate tensile
strength.

Table 9 also summarizes the average of tensile strain capacity of
ECC specimens stored in NaCl solution. The tensile strain capacity
reported for these specimens also does not include the residual strain
from the pre-cracking load. As seen from the table, for the uncracked

Table 9
Tensile properties of ECC under different NaCl exposure conditions.

Specimen type Tensile Tensile Residual crack
strain (%) strength width (pm)
(MPa)

ECC-1 (M45) Pre-loading—0.0%, 30 d.  2.79 [0.54] 4.34[0.62] ~100
Pre-loading—0.0%, 90 d. ~ 3.27 [0.76] 4.41 [0.45] ~100
Pre-loading—0.0%, 180 d.  2.48 [0.28] 4.27[0.32] ~100
Pre-loading—0.5%,30 d.  3.85[0.61] 4.59[0.29] ~100
Pre-loading—0.5%, 90 d.  3.22[0.39] 4.70[0.35] ~100
Pre-loading—0.5%, 180 d.  2.62 [0.30] 4.41 [0.48] ~100
Pre-loading—1.0%,30 d.  2.66 [0.66] 3.85[0.09] ~100
Pre-loading—1.0%,90 d.  2.61[0.12] 4.12[0.17] ~100
Pre-loading—1.0%,180 d.  2.09 [0.19] 4.38 [0.89] ~100
Pre-loading—1.5%,30 d. 248 [0.94] 3.87[0.73] ~100
Pre-loading—1.5%,90 d.  2.96 [0.87] 4.17[0.17] ~100
Pre-loading—1.5%,180 d. ~ 1.91 [0.20] 3.94[0.01] ~100

ECC-2 Pre-loading—0.0%, 30 d. ~ 4.09 [0.54] 3.81 [0.46] ~70
Pre-loading—0.0%, 90 d.  3.23[0.25] 4.07 [0.61] ~70
Pre-loading—0.0%, 180 d.  2.75 [0.87] 4.45 [0.47] ~70
Pre-loading—0.5%, 30 d.  3.56 [0.56] 3.69 [0.32] ~70
Pre-loading—0.5%,90 d. ~ 3.00 [0.36] 3.72[0.29] ~70
Pre-loading—0.5%, 180 d.  2.68 [0.50] 4.39 [0.49] ~70
Pre-loading—1.5%,30 d.  3.67 [1.13]  3.91[0.78] ~70
Pre-loading—1.5%,90 d. ~ 2.93[0.34] 3.65[0.20] ~70
Pre-loading—1.5%,180 d. ~ 2.29 [0.30] 3.87 [0.23] ~70
Pre-loading—2.5%,30 d. ~ 3.47 [0.57] 3.76 [0.52] ~70
Pre-loading—2.5%,90 d. ~ 2.78 [0.30]  3.90 [0.09] ~70
Pre-loading—2.5%, 180 d.  2.32 [0.64] 3.84[0.27] ~70

Numbers in brackets are standard deviations.
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Fig. 10. Typical tensile stress-tensile strain curves of micro-cracked ECC specimens before and after exposed to 3% NaCl solution.

specimens, the tensile strain capacity does not appear to be affected
up to 90-day exposure period. For the pre-cracked specimens,
exposure to NaCl appears to be similarly affected, such that the
influence of pre-cracking even up to 1.5% for ECC-1 and 2.5% for ECC-2
does not exacerbate the deterioration. However, after 180-day NaCl
solution exposure period, both uncracked and cracked specimens
showed a reduction of up to 30% in their tensile strain capacity, but
their tensile strain capacity is still higher than 2%. Both of the ECC
mixtures showed also almost the same percentage of reductions in
terms of tensile properties, and therefore, the increase in the FA
content did not change the behavior of ECC specimens exposed to
continuous NaCl solution. Table 9 also shows the residual crack width
of ECC mixtures at different ages. As in the ECC specimens exposed to
NaOH solution, the residual crack width of virgin and pre-cracked
specimens exposed to continuous NaCl solution is wider than that of
virgin air cured specimens, but remains less than 100 pm for both of
the ECC mixtures.

In the case of pre-cracked specimens exposed to NaCl solution, a
distinct white deposit was visible, which formed a continuous dense
layer over the crack surface (Fig. 11). The deposits were most probably
caused by efflorescence due to the leaching of calcium hydroxide into
cracks [9]. It has also been suggested that in marine environment this
effect may arrest chloride transportation by healing of cracks. From
the present study, healing of micro-cracks of both ECC mixtures under

1 mm (0.039 in.)

ECC cracks before NaCl exposure

NaCl solution is evident from the mechanical properties discussed
before. The mechanical properties indicate that micro-cracks of ECC
exposed to NaCl solution healed almost completely.

4. Conclusions

The results of experiments monitoring the change in the transport
and tensile properties of ECC materials subjected to mechanical pre-
loading and accelerated aging are presented in this paper. The
magnitude of beam deformation level is found to have deleterious
effect on the effective chloride diffusion coefficient and sorptivity
values. Even though ECC-2 (FA/PC=2.2) specimens after mechanical
pre-loading has tighter crack width compared with ECC-1 (FA/
PC=1.2) specimens, the transportation values, especially effective
diffusion coefficients of ECC-2 for the virgin and micro-cracked
specimens, at the same beam deformation level are higher than that of
ECC-1 specimens.

Specimens exposed to a continuous NaCl solution at room
temperature or NaOH solution at 38 °C generally show decreases in
tensile strain capacity and slight decrease or no change in tensile
strength compared with the specimens cured in air. Furthermore, the
crack width increases to around 1.5 times or above compared with
that of air curing specimens. This phenomenon suggests possible
change in the fiber/matrix interface bond properties after accelerated

1 mm (0.039 in.)

ECC cracks after NaCl exposure

Fig. 11. Self-healing products in ECC micro-cracks before and after exposed to 3% NacCl solution.
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aging. Apart from the slight reductions in ultimate tensile strain and
strength capacities and higher residual crack width, the results
presented in this study largely confirm the durability performance
of ECC material in terms of mechanical properties under accelerated
aging (exposure to continuous sodium hydroxide at 38 °C and sodium
chloride solutions at room temperature), even in cases where the
material experiences mechanical loading that deforms it into the
strain-hardening stage prior to exposure. Healing of micro-cracks
induced by the pre-load is evident from the recovery of elastic
stiffness of the exposed pre-cracked specimens on re-loading. More-
over, the mechanical performance of ECC after accelerated aging is not
significantly influenced by the FA content.

It may be possible to further extend FA volumes in ECC. Previously
performed investigations have indicated that increasing levels of FA
leads to improvements in tensile properties and reductions in crack
width compared with standard ECC mixture (M45). However, there is
likely to be an upper limit, beyond which compressive strength of
HVFA-ECC cannot reasonably match that of structural concrete, and
there is no further benefit with respect to its durability properties as
discussed in this study.
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