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Abstract
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Engineered Cementitious Composites(ECC) containing high
volumes of fly ash (HVFA) and micro poly-vinyl-alcohol (PVA)
fibers were investigated at different degrees of hydration
when incorporated with nano calcite and nano silica. Various
properties of ECC mixtures were compared to each other to
assess the improvements in microstructure, mechanical and
transport properties. Test results confirm that ECC mixtures
with nano calcite compounds could improve early age
mechanical properties of ECC with HVFA. When nano sized
calcite is used as a mineral activator for ECC, compressive and
flexural strength can be improved up to 30% and 27%. Although
the improvement values decrease with age, a significant
improvement was obtained for flexural deformation capacity
by utilizing CaCO3 after 90 days of hydration even though the
flexural strength also improved compared to unmodified ECC.
Keywords: Engineered cementitious composites, nanomodification, ductility.
1. Introduction
ECC has gained a lot of attention owing to significant
improvements on various concrete properties especially
flexural strength and ductility [1, 2]. The strain hardening
behavior of ECC is obtained through limiting crack width under
flexural loading by decreasing matrix toughness thus initiating
multiple cracking. ECC mixtures contain a small percent of PVA
fibers (usually around 2%) which increase the matrix toughness
considerably thus reducing tensile ductility due to the strong
chemical bond with cement hydrates [1]. Accordingly PVA fibers

are usually treated with oil before mixing and high volumes of
fly ash is used in ECC both in order to reduce the strength of this
chemical bond [1]. As a result the main components associated
with typical ECC are oil coated PVA fibers and high volumes
of fly ash besides cement and water reducing admixtures. In
order to ensure uniform fiber dispersion, only fine aggregates
are used with limited maximum grain size and HRWRA is added
until desired rheological characteristics are obtained [3].
CaCO3 is commonly utilized in ternary blends in the range of
5-15% and in coarser form (blaine surf. 200-250 m2/kg) in the
documented literature [4]. Current study employed common
mineral activators previously used for HVFA mixtures to be
utilized in ECC mixtures in finer forms and in much smaller
amounts (% 2) compared to former literature. Additionally
two CaCO3 minerals obtained from different sources
were investigated in terms of their effects on hydration
characteristics, transport properties and mechanical properties
on ECC, the morphologies of these two minerals were found
to be different along with the presence of different crystal
structures. Performance of two commonly used activators
CaCO3 and NS was also compared to each other. The activation
mechanisms of CaCO3 and NS are reportedly different from
each other consequently the improvements were different for
different properties at each age.
2. Materials, Methods, Mixture Preparation and Curing
2.1. Materials
Portland cement (CEM I 42.5) conforming EN197-1 and fly ash
(Class F), micro silica sand, mixing water, high range water
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reducer admixture (HRWRA), and PVA fibers were used in all
ECC mixtures. Two nano-sized CaCO3 minerals obtained from
different sources and nano-silica are incorporated to design
different mixtures in order to evaluate the effects of these
minerals on ECC properties. The chemical compositions and
related physical properties of Portland Cement, fly ash and
these minerals are given in Table 1. The PVA fibres used in the
study are 8 mm in length and 39 µm in diameter. PVA fibers were
coated before mixing to reduce chemical bonding in accordance
with previous literature [5].

Table1. Chemical composition and physical properties of
ECC materials
Chemical
Composition,
%
SiO2
Al2O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
TiO2
Loss on
Ignition
Total

PC

FA

NCaCO3

ACaCO3

NS

20.77
5.55
3.35
2.49
61.4
0.19
0.77
-

57.01
20.97
4.15
0.032
1.76
9.78
2.23
1.53
0.68

0.40
0.03
0.05
0.01
0.50
55.40
0.03
0.04
0.01

0.00
0.59
0.02
0.26
54.14
0.02
0.00
-

99.2
0.38
0.02
0.02
0.21
0.00
0.09
0.00
0.00

2.2

1.25

43.50

43.95

-

99.48

Physical Properties
Specific
Gravity

3.06

2.02

-

-

-

Blaine
Fineness
(m2/kg)

325

290

-

-

-

BET (m2/kg)

-

-

7.4

4.6

163.2

2.2. Materials
As previously mentioned, characterization of ECC mixtures
incorporating different nanomaterials was made in terms of
different mechanical properties and chloride ion penetrability.
Under the title of mechanical properties; compressive strength,
flexural strength and mid-span beam deflection capacities
were evaluated. Tests for the determination of compressive
strength were made by failing at least six different 50 mm-cubic
specimens at the ages of 1, 7, 28 and 90 days. Evaluation of
flexural parameters was made by prism specimens measuring
360×75×50 mm (length×width×depth). As in compressive
strength assessment, tests for flexural parameters were
conducted at the end of 1, 7, 28 and 90 days under four-point
bending by using at least four specimens from each mixture.
During the flexural tests, loading was applied at a rate of 0.005
mm/sec from the span length of 304 mm and central span
length of 101 mm. Load and mid-span beam deflection results
were recorded with the help of a computerized data acquisition

system. Mid-span beam deflection capacity of specimens was
recorded with the help of two deflactometers placed right
under the central span of prisms. In the flexural stress vs.
mid-span beam deflection graphs, the maximum stress was
selected to be flexural strength (modulus of rupture - MOR)
while the deflection corresponding to this point was regarded
as mid-span beam deflection capacity of prisms.
Chloride ion penetrability of different ECC mixtures was
assessed with rapid chloride permeability test (RCPT) in
accordance with ASTM C 1202 standard. To be used in RCPT
in the present study, four different Ø100×50 mm cylinder slices
cut out from the central portions of four different Ø100×200
mm cylindrical specimens were used for each mixture and the
results were averaged for the tests performed on the 7th, 28th
and 90th days. Tests were not implemented on the first day
since considerably low matrix maturity of ECCs incorporating
high levels of Class-F fly ash caused overflowing of the total
charge which required the termination of the tests.
2.3. Mixture Preparation and Curing
As can be presumed, uniform distribution of nanomaterials
in highly-packed cementitious matrices of ECC mixtures is of
primary importance in order to take optimum advantage from
these materials. Along these lines, following procedure was
followed for all ECC mixtures produced for the present study:
All of the mixing water was first mixed with the whole amount
of nanomaterial by ultrasonication for 5 minutes. At the 4th
minute of the first step, solid ECC ingredients (e.g. Portland
cement, Class-F fly ash and quartz sand) were started to mix
at a low speed by using a separate standard mortar mixer.
After the completion of 5 minutes with ultrasonic mixer, the
solution consisting of water and nanomaterials was added into
the dry ingredients and mixing was continued for an additional
1 minute at low speed in mortar mixer. Then, HRWRA was
started to add into the mixtures until the desired fresh paste
properties were visually observed as described in a former
study [6]. After making sure that the mixtures are adequately
workable, mixing at high speed was continued for 3 more
minutes. As a final stage, PVA fibers were added into the fresh
mixtures and all of the ingredients were mixed for 3 minutes.
With the completion of mixing and casting procedure, all of the
specimens were kept inside their molds for 24 hours at 50±5%
RH, 23±2 oC. After 1 day inside the molds, specimens to be
used for mechanical property characterization (e.g. cubes and
prisms) were removed from their molds and started to be cured
at 95±5% RH, 23±2 oC in isolated plastic bags until the predetermined testing ages.
3. Experimental Results
3.1. RCPT
ECC control mix has the highest chloride permeability of 5223 C
as compared to other mixes, indicating all admixtures improved
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the chloride permeability even in early ages. Additionally
control mix has the highest chloride permeability compared to
other mixes at 90 days of age, which again indicates that all
the admixtures improve overall chloride permeability of ECC.

mechanisms involved during hydration for NCaCO3 improves
its performance so that ECC NC remains comparable to ECC
NS such as aforementioned surface structure and reactivity
relationship [8].

The biggest difference between permeability is between ECC
and ECC NS, 55.5% at 7 days and it reduces to 24.6% at 90
days. Although the differences between permeability values
are high in the early ages after 90 days the differences are
smaller thus permeability values of mixtures are closer to
each other.
The difference ECC mix experiences highest reduction in
chloride permeability is 57.6%, between 7 to 28 days, without
the accelerating effect of nano sized admixtures, pozzolanic
reactions in a high volume fly ash mixture would be slower

Figure 1. Permeability values obtained from RCPT for each
ECC mix at different ages

to proceed, namely after 3-14 days after the beginning of
hydration [7].
ECC NS has the lowest 7 day chloride permeability because NS
hydrates relatively faster compared to the remaining mixtures.
Due its seeding effect enhanced by its very fine particle size
mainly, permeability of ECC NS is 2322 C at 7 days. It is reported
NS already accelerates hydraulic and pozzolanic reactions as
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3.2. Mechanical testing-Compression
Highest 1 day compressive strength is achieved by ECC NC mix,
29.5% higher than control mixture, probably due to combined
seeding effect and reaction with C3S. In terms of mechanisms
involved for their activation processes NS might have the

early as 1 day.

upper hand in terms of seeding effect because it is finer than

ECC AC experiences the highest reduction in chloride

NS is 13.4% lower compared to ECC NC. It was proposed by

permeability, 79%, between 28 to 90 days, although the
mix shows the highest permeability (3583 C) by far among
all tested mixes at 28 days. The slow reduction in chloride
permeability up to 28 days is most likely due to morphological
differences between CaCO3 minerals in ECC AC and ECC NC.
Reduction of chloride permeability between 7 day and 28
day values is 11.8% for ECC AC so the chloride permeability
value of ECC AC is 61.8% higher than ECC control mixture at
28 days. This behavior also suggests even small amount of
different crystalline phases in ACaCO3 might affect activation
properties of CaCO3 in terms of hydration reactions at least
up to 28 days.
90 day chloride permeability values for all mixtures remain
well below the “very low” permeability classification range
assigned in ASTM C1202. Additionally chloride permeability
of ECC NC and ECC NS reduces to 735 and 685 C respectively

both of the CaCO3 particles. However 1 day strength of ECC
[9] that nucleation of CSH was accelerated by the presence
of well crystalline nano CaCO3 particles. NS possessing an
amorphous structure nucleating effects of NS and nano CaCO3
would be different since they have different surface properties.
Additionally pozzolanic reaction of NS with CH proceeds at a
different pace than reaction of nano CaCO3 with C3S.
ECC NS shows highest rate of strength gain (61.7%) between 1
to 7 days and 7 day compressive strength of ECC NS surpasses
control mixture by 26.5%. Compressive strength of ECC NC is
also higher than ECC by 15.8%. Between 7 to 28 days rate of
strength gain decreases for all mixtures and in the time frame
ECC AC shows the highest increase in strength 34.4% followed
by the control mixture due to the less active morphology of
ACaCO3, consequently the 28 day strength of ECC AC remains
lower than ECC NS and ECC NC.

quite close to each other, although the ECC NS still remains

After 28 days up to 90 days increase in strength further slows

with the lowest chloride permeability. Total improvement of

down for all mixtures. The compressive strength of ECC at

permeability from 7 to 90 days is around 80% for all specimens

28 day measurements is surpassed by 13.5% and 22.7%

except ECC NS, which improves around 70% for the same

by ECC NC and ECC NS, respectively. The improvements in

period.

compressive strength values are in line with MIP results,

It is obvious that NCaCO3 is a very effective admixture in
terms of chloride permeability, since the 90 day permeability
of ECC NC is close to ECC NS values although NS fineness is
much higher than NCaCO3. It can be concluded that additional

reduced porosity translates into increased compressive
strength. At the end of 90 days the strength of ECCNS and
ECC NC reaches quite close to each other around 23% higher
than control mixture strength.
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observed in compressive strength testing. The flexural strength
of ECC NS recorded to be 17.6% and 11.6% higher than ECC at
7 and 28 day experiments.. In the literature silica fume was
observed to enhance ITZ properties improving ITZ properties
translates into improvement of frictional bond strength but
not necessarily chemical bond strength. Consequently 24 hour
flexural strength of ECC NS is not as high as ECC NC, however
after 7 day measurements, improvement in the interfacial
friction strength is evident.

Figure 2. Variation of compressive strength with age for
each ECC mix

3.3. Mechanical testing-Flexure
ECC NC has the highest flexural strength, 27% higher than
ECC at the end of 24 hours, whereas the flexural strengths of
the other three mixtures remain more or less the same. The
difference between ECC NC and ECC also decreases as the
hydration reactions continue from 7 to 28 days, to 25.6% and
9.4% respectively

At 90 days flexural strength values for all ECC mixes are
quite close to each other, ECC AC and ECC NC has the highest
strength, approximately 3.4% higher than ECC as the presence
of Ca2+ and Al3+ improves chemical bond strength and microfiller
effect along with reduced CH content in the ITZ increases
interface frictional strength. It should be noted that crystal
structure of ACaCO3 probably inhibits ECC AC performance at
least for early ages.

It is commonly cited in the literature that flexural properties of
mortars are more likely to be effected by the micro structure
of hydrated cement. Additionally interfacial transition zone
characteristics between PVA fibers and hydrated cement
products highly influence flexural testing performance of ECCs.
Higher particle packing density in ITZ is usually accompanied
by higher flexural strength of composites reinforced with
ductile fibers.
Nano sized NCaCO3 obviously increases packing density in
both interfacial transition zone and the cementitious matrix
as discussed in the previous chapters. Interface friction is
dependent on packing density and stiffness of the interfacial
transition zone between PVA fiber and cementitious matrix.
Consequently increasing frictional bond strength improves
flexural strength of the composite as seen in Figure 3.
Accelerating effect of NCaCO3 on hydration as discussed
previously plays a role in the early age improvement of flexural
strength. Additionally reduced CH content and increased CSH
content which were also explained in the previous chapters
contribute to the strengthening of interfacial frictional bond
along with the seeding effect of these nano sized particles.
Another important point to note is that chemical bond
between PVA polymer and cementitious matrix is claimed to
be governed by Al3+ and Ca2+ concentration [10]. Addition of
calcium carbonates might play a role for improving the chemical
bond between PVA fiber and cementititous matrix for ECC NC
and ECC AC, thus increasing the chemical bond strength to a
certain extent.
Flexural strength of ECC NS increases faster than the other
mixes (30%) in the following period up to 7 days, as similarly
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Figure 3. Variation of flexural strength with age for each
ECC mix
Flexural deflections are higher at early ages and tend to
decrease with age, this pattern was observed in previous ECC
studies and reportedly due to changes in matrix toughness
and interfacial bond properties with time. It was observed
that as the hydration reactions advance with age, pull out
behavior of fibers change. Higher hardness of hydrated cement
matrix increases fiber pull out damage on the fiber surface
and the peeled of fibrils could enhance slip hardening behavior
of the fibers. Slip hardening was apparent for 28 days old
fiber reinforced cementitious composites during post peak
behavior in single fiber pull out curves, while slip weakening
was observed for 1 day old specimens. This behavior is also
observed for the current research; as the matrix matures
flexural deflection capacities of all ECC specimens except ECC
NS decrease and the flexural strength values increase Figure 3
and Figure 4.
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Figure 4. Variation of flexural deformation with age for
each ECC mix
4. Conclusions
Effect of nano sized CaCO3 as an activator to improve hydration
characteristics, mechanical properties and transport properties
is investigated in this study. It was observed that effect of nano
CaCO3 on various matrix properties is significantly enhanced by
the finer particle size and early strength of ECC is improved.
Additionally flexural strength and strain capacity improved,
which is more pronounced for early ages of hydration.
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Performance of nano sized CaCO3 was also compared with NS
as another commonly utilized activator. Especially flexural
strength and flexural deformation of ECC mixtures were more
efficiently improved using nano CaCO3 instead of NS. This
observation is also important since the activation mechanisms
of nano CaCO3 and NS are quite different from each other.
Nano sized CaCO3 in calcite form is a successful mineral
activator to compensate for the retarding effect of fly ash in
terms of early age mechanical and transport values. Most
importantly, flexural deformation capacity of ECC can be
improved even in the long term utilizing nano calcite up to
35%. This improvement in ductility was also accompanied by
a smaller improvement in flexural strength which points to an
optimal micromechanical design. Considering ECC is mainly
designed for improved ductility and the fact that nano sized
CaCO3 is much cheaper and more abundant compared to NS, it
can be a crucial part of a better ECC micromechanical design.
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