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This investigation was carried out to study the effects of using a replacement percentage of saturated
lightweight fine aggregate (LWA) as an internal curing agent on the shrinkage and mechanical behavior of
Engineered Cementitious Composites (ECC). ECC is a micromechanically-based, designed high-performance,
fiber-reinforced cementitious composite with high ductility and improved durability due to tight crack width.
Standard ECC mixtures are typically produced with micro-silica sand (200 µm maximum aggregate size).
Two replacement levels of silica sand with saturated LWA (fraction 0.59–4.76 mm) were adopted: the
investigation used 10 and 20% by weight of total silica sand content, respectively. For each LWA replacement
level, two different ECC mixtures with a fly ash-to-Portland cement ratio (FA/PC) of 1.2 and 2.2 were cast. In
a control test series, two types of standard ECC mixtures with only silica sand were also studied. To
investigate the effect of replacing a portion of the silica sand with saturated LWA on the mechanical
properties of ECC, the study compared the results of uniaxial tensile, flexure and compressive strength tests,
crack development, autogenous shrinkage and drying shrinkage. The test results showed that the autogenous
shrinkage strains of the control ECCs with a low water-to-cementitious material ratio (W/CM) (0.27) and
high volume FA developed rapidly, even at early ages. The results also showed that up to a 20% replacement
of normal-weight silica sand with saturated LWA was very effective in reducing the autogenous shrinkage
and drying shrinkage of ECC. On the other hand, the partial replacement of silica sand with saturated LWA
with a nominal maximum aggregate size of 4.76 mm is shown to have a negative effect, especially on the
ductility and strength properties of ECC. The test results also confirm that the autogenous shrinkage and
drying shrinkage of ECC significantly decreases with increasing FA content. Moreover, increasing FA content
is shown to have a positive effect on the ductility of ECC.

© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The recent trend in concrete technology towards so-called High-
Performance Fiber-Reinforced Cementitious Composites (HPFRCC)
with a low water-to-cementitious material ratio (W/CM) is char-
acterized by superior tensile properties and enhanced durability
against severe environmental conditions. Engineered Cementitious
Composite (ECC) is a recently developed HPFRCC designed with
micromechanical principles [1–3]. Micromechanics allows optimiza-
tion of the composite for high performance – represented by extreme
tensile strain capacity – while minimizing the amount of reinforcing
fibers, typically less than 2% by volume. Unlike ordinary cement-based
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). Even at large imposed deformation, the crack
widths of ECC remain small (less than 60 μm) (Fig. 1). The tight crack
; fax: +1 416 979 5308.
.

ll rights reserved.
width in hardened ECC is a result of controlled matrix fracture
toughness and effective fiber bridging provided by the micro polymer
fibers and optimized fiber/matrix interface properties. This fiber
bridging is quantified through the stress versus crack opening relation
(σ-δ relation), which develops with time as a result of interfacial bond
build-up. In most cases, prior to applying mechanical loads to the
material, the σ–δ relation has already developed enough to resist any
localized cracking.

Because ECC is different from conventional concrete, the W/CM is
a more important parameter. In standard ECCmix design, a lowW/CM
has been determined (through micromechanics) to satisfy proper
interface properties. Increasing W/CM can reduce cementitious
particle concentration, resulting in relatively loose microstructure,
and therefore introducing a lower interface frictional bond [4]. This
weak interface bonding can potentially generate lower fiber-bridging
stress, which can result in low ultimate tensile strength and tensile
strain capacity. In addition, W/CM has the most significant influence
on the plastic viscosity of ECC mortar [5]. A high W/CM can
substantially decrease the plastic viscosity of ECC mortar and may
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Fig. 1. Typical tensile stress-strain curve and crack width development of ECC.

Table 1
Chemical composition and physical properties of Portland cement and fly ash.

Chemical composition, % Cement Fly ash

CaO 61.80 5.57
SiO2 19.40 59.50
Al2O3 5.30 22.20
Fe2O3 2.30 3.90
MgO 0.95 –

SO3 3.80 0.19
K2O 1.10 1.11
Na2O 0.20 2.75
Loss on ignition 2.10 0.21

Physical properties

Specific gravity 3.15 2.18
Retained on 45 µm (0.002 in.), % 12.9 9.6
Water requirement, % – 93.4
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result in poor fiber distribution, and low ultimate tensile strength and
tensile strain capacity. Therefore, based on past experience [6,7], a
reasonable W/CM should be in the range of 0.25±0.05.

Because of their very low W/CM (≤0.30), one of the major
problems with ECC mixtures is their increased tendency to undergo
early-age cracking, which is a consequence of increased autogenous
shrinkage. Typically, strong fiber bridging associated with strong
interfacial bond development provides strong resistance to cracking,
and once mechanical loads are applied to the material, the crack
bridging stress versus crack opening (σ–δ) relation has already
developed enough to resist any localized cracking. At early ages,
however, the σ–δ curve has not been fully developed to withstand
internal stresses caused by the external and internal restraints, and
thus insufficient tensile strain and autogenous deformation may lead
to the formation of some microcracks (N100 μm). While this cracking
may ormay not compromise themechanical properties of composites,
it may affect their long-term durability. Traditional external curing
techniques are not effective in eliminating early age cracking, since
water transportation into the ECC is hindered by the tightness of the
matrix [8]. A potentially effective strategy to overcome this problem is
the use of pre-soaked lightweight aggregates (LWA) as internal water
reservoirs. Several studies on this topic have been published in recent
years, and have generally been focused on mitigating autogenous
shrinkage by replacing normal weight aggregates with saturated
lightweight aggregate (LWA) [9–14]. In those studies, internal curing
by means of pre-soaked LWA has been effective in reducing
autogenous shrinkage in high performance concrete with a low
water-to-cement ratio.

The literature proposes different methods of internal curing,
however, no information is currently available on the effect of internal
curing with pre-soaked LWA on the performance of ECC. This study
investigates the development of autogenous and drying shrinkages of
ECC mixtures having a W/CM of 0.27, when pre-soaked LWA are
included for internal curing. The experimental program includes
several variables— 10% and 20% replacements of normal-weight silica
sand with an equal weight of pre-soaked LWA (made of porous
volcanic pumice aggregate) and two different fly ash (FA) replace-
ment levels with a FA/PC of 1.2 and 2.2. Additionally, the effects of
including pre-soaked LWA on the uniaxial tensile and flexural
properties, ductility, crack development and compressive strength of
ECC were evaluated.

2. Experimental investigations

2.1. Materials and mixture proportions

The materials used in the production of standard ECC mixtures
were Type-I Portland cement (PC), Class-F fly ash (FA) with a lime
content of 5.57%, normal-weightmicro silica sandwith an average and
maximum grain size of 110 µm and 200 µm respectively, water, poly-
vinyl-alcohol (PVA) fibers, and a polycarboxylic-ether type high range
water reducing admixture (HRWR) with a solid content of approxi-
mately 30%. Chemical composition and physical properties of Portland
cement and fly ash are presented in Table 1. The PVA fibers – with a
diameter of 39 µm and a length of 8 mm – are purposely manufac-
tured with a tensile strength (1620 MPa), elastic modulus (42.8 GPa),
and maximum elongation (6.0%) matching those needed for strain-
hardening performance. Additionally, the surface of the PVA fibers is
coated with a proprietary oiling agent 1.2% by mass to tailor the
interfacial properties between fiber and matrix for strain-hardening
performance [15].

The lightweight aggregate (LWA) used was volcanic pumice sand,
whichwas initially sieved and divided into different fractions to obtain
optimum efficiency for internal curing. From the point of view of the
effectiveness in mitigating autogenous shrinkage, the water absorp-
tion capacity of LWA should be as high as possible, and its size should
be as fine as possible [16]. The optimum efficiency was achieved with
volcanic pumice LWA of size in the range of 0.59 to 4.76 mm. The same
aggregate with finer size was significantly less effective in terms of
water absorption. The saturated-surface-dry (SSD) weight of pumice
was measured according to ASTM C128-97 and the maximum
absorption was determined. The LWA of the fraction between 0.59
and 4.76 mm has an SSD specific gravity of 1.33 after 24h absorption,
and a measured absorption capacity of 31.3% by mass as measured by
drying an SSD sample. The particle size distributions of the silica sand
and LWA are presented in Fig. 2, which shows that the LWA has
significantly coarser grading than the silica sand.

In order to investigate the influence of internal curing with
saturated LWA on the performance of ECC, six ECC mixtures having a
constant W/CM of 0.27 were designed in the present study. The water
content in HRWR was also accounted for in the calculation of W/CM.



Fig. 2. Sieve analysis of volcanic pumice and silica sands.
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The designation and components of the mixtures are provided in
Table 2. The variable parameters in these mixtures were the LWA
replacement level and FA replacement level (FA/C of 1.2 and 2.2 by
weight, respectively). Two replacement levels of silica sand with SSD
LWA (fraction 0.59–4.76 mm) at 10 and 20% by weight of total silica
sand content were adopted. In a control test series, two types of
standard ECC mixtures with only silica sand and an FA/PC of 1.2
(ECC1_0) and 2.2 (ECC2_0) by mass were also studied. All mixtures
were prepared using a standard mortar mixer, and the amount of
cementitious materials (cement+fly ash) was held constant. HRWR
was added to the mixture until the desired fresh ECC characteristics
were visually observed; as a result, the HRWR admixture content was
not kept constant, and was observed to change between 1.8 and
2.3 kg/m3 (Table 2). Previous studies have shown that, in general, the
incorporation of HRWR slightly affects the drying shrinkage whereas
it does not have any influence on the swelling and autogenous
shrinkage [17,18]. Moreover, the effects of the HRWR dosage areminor
on autogenous shrinkage of cement paste [18]. Therefore, it can be
accepted that the ECCmixtures produced for this study had nearly the
same HRWR content, and varying HRWR requirement is not a factor
on the measured shrinkage capacities of ECC.

As seen in Table 2, ECC mixtures with an FA/PC of 1.2 had higher
HRWR demand than ECC mixtures with an FA/PC of 2.2. The smooth
surface characteristics and spherical shape of the FA improved the
workability characteristics of ECCmixtures, so that similar workability
properties at constant W/CM were achieved by using a lower HRWR
content at higher FA replacement level.

2.2. Test specimen preparation, testing and basic properties

From each mixture, six 50-mm cubic specimens were prepared for
the compressive strength test, eight 203×76×13 mm coupon speci-
mens were prepared for the direct tensile test and six
355×50×76 mm prism specimens were prepared for the four-point
Table 2
Mixture composition of ECCs.

Mix ID ECC1_0 ECC1_10 ECC1_20 ECC2_0 ECC2_10 ECC2_20

Cement, kg/m3 558 549 540 375 369 363
Fly ash, kg/m3 669 659 649 823 811 798
Water, kg/m3 326 321 316 318 313 309
PVA, kg/m3 26 26 26 26 26 26
Sand (dry), kg/m3 446 395 345 435 386 338
Pumice sand (SSD),
kg/m3

– 44 86 – 43 85

HRWR, kg/m3 2.3 2.3 2.2 2.0 1.9 1.8
FA/PC 1.20 1.20 1.20 2.20 2.20 2.20
W/CMa 0.27 0.27 0.27 0.27 0.27 0.27
W/CM (including
water in pumice)

0.27 0.28 0.29 0.27 0.28 0.29

a CM: Cementitious Materials (Cement+Fly Ash).
bending test. The density of hardened ECC at 28 days was also
measured for all mixes, which ranged from 2373 kg/m3 to 2199 kg/m3.
The replacement of the normal weight silica sand with saturated LWA
up to 20% byweight led to a reduction of unit weight of up to 100 kg/m3,
as demonstrated in Table 3.

All specimens were demolded at the age of 24 h, and moist cured
in plastic bag at 95±5% RH, 23±2 °C for 7 days. The specimens were
then air cured in laboratory condition at 50±5% RH, 23±2 °C until
the age of 28 days. Direct tensile tests were conducted using an MTS
machine with 25-kN capacity under displacement control at a rate of
0.005 mm/s. Prior to testing, aluminum plates were glued to both
ends of the coupon specimen to facilitate gripping. After direct tensile
testing, all residual crack widths were also measured in the unloaded
stage. Crack widths were measured on the surface of the specimens
using a portable microscope. A four-point bending test was also
performed under displacement control at a loading rate of 0.005 mm/
s on a closed-loop controlled servo-hydraulic material test system. The
span length of flexural loading was 304.8 mmwith a 101.6 mm center
span length. During the flexural tests, the load and the mid-span
deflection were recorded on a computerized data recording system.

Autogeneous shrinkage measurements were made on all ECC
mixtures. After casting, specimen surfaces were coated with a curing
membrane to prevent water from evaporating. The autogeneous
shrinkage of three 285×25×25 mm bars was measured up to 28 days
after an initial curing of 16±0.5h in the mould for all ECC mixtures.
Immediately after demolding, the autogenous shrinkage specimens
were sealed with two layers of adhesive aluminum tape to prevent
moisture loss, and specimen length was measured immediately. This
value was regarded as the initial length during calculation of the
autogeneous shrinkage. The specimens were stored in a controlled
room at a temperature of 23±2 °C, and a relative humidity of 50±4%
during testing. Changes in length and mass were measured daily for
the first week, and then weekly until the age of 28 days. The mass
changes of the sealed specimens remained relatively constant over
time (less than 0.07% of the weight at 16±0.5 h. during this test)
demonstrating that the sealing method was very effective in
preventing moisture loss.

Temperature changes in ECC specimens can cause thermal
expansion and contraction, which can have significant effects on
autogenous shrinkage measurements [19]. For this reason, the
temperature variations in the ECC mixes were also measured.
Measurements were taken at the center of the 150×300 mm cylinder
of fresh ECC that had been placed in an autogenous curing chamber
along with a temperature logger immediately after casting. After
mixing, the temperature of all ECC mixtures was about 25 °C. It was
continuously monitored for the first 72h after mixing to characterize
the quantitative heat of hydration for each mixture (Fig. 3). The
maximum temperature rise measured for all ECCmixtures during that
time period are shown in Table 3. As seen in this table, the maximum
temperature rise for ECC mixtures with an FA/PC of 1.2 ranged from
22.0 to 24.4 °C, and the maximum rise for ECC mixtures with an FA/PC
of 2.2 was considerably lower, ranging from 13.1 to 15.6 °C. This
difference demonstrates the potential of the high volume FA–ECC
system for reducing temperature increase in massive members, owing
Table 3
Properties of ECCs.

FA/PC Mix ID Temperature
rise, °C

Density at 28days,
kg/m3

Compressive strength
at 28days., MPa

1.2 ECC1_0 22.5 2373 62.5
ECC1_10 24.4 2320 58.9
ECC1_20 22.0 2278 53.9

2.2 ECC2_0 15.6 2301 54.1
ECC2_10 14.3 2256 45.0
ECC2_20 13.1 2199 40.7



Fig. 3. Typical temperature development with time from ECC mixing.
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to its low cement content and the slow pozzolanic activity of the low
lime fly ash. On the other hand, the temperature data in Table 3 show
no definite trends of maximum temperature increase with a saturated
LWA replacement ratio.

Drying shrinkage measurements were also made on all ECC
mixtures. The drying shrinkage of three 285×25×25 mm bars was
measured up to 90 days after an initial curing of one day in the mould
and 27 days in lime saturated water in accordancewith ASTM C157 for
all ECC mixtures. The drying shrinkage specimens were stored in a
drying room at 23±2 °C, and at 50±4% relative humidity.

3. Results and discussions

3.1. Autogenous shrinkage

Fig. 4 is a plot of the free autogenous shrinkage of ECC mixtures
measured from 16 h after mixing as a function of age up to 28 days.
Each point in Fig. 4 represents the average free autogenous shrinkage
measurements of three specimens. The results show that most of the
autogenous shrinkage caused by internal self-desiccation developed
within the first week of hydration. This effect appears to decrease after
one week as the hydration process slows down with time. This
observation, therefore, suggests that the prevention of excessive self-
desiccation and autogenous shrinkage cracking in ECC structures
should involve techniques that are effective for at least one week after
mixing.

As clearly seen in Fig. 4, all ECC mixtures with an FA/PC of 2.2
showed significantly lower autogenous shrinkage at given ages
compared with the ECC mixtures with an FA/PC of 1.2 at the same
W/CM; the higher the FA replacement percentage, the lower the
autogenous shrinkage. At the age of 28 days, when the pre-soaked
Fig. 4. Autogenous shrinkage development of ECC contain
LWA percentagewas either 0,10 or 20%, autogenous shrinkage of ECC2
specimens was lower (between 21 and 58%) compared with the ECC
mixtures with an FA/PC of 1.2. This reduction in autogenous shrinkage
can be attributed to a dilution effect caused by a reduction in cement
content because part of the PC was replaced by FA [20]. When FA is
used as a supplementary cementitiousmaterial in ECC, not only does it
lead to less hydration, but the pozzolanic reaction can only occur
when calcium hydroxide is present as a by-product from the cement
hydration. In the case of ECC2, the amount of PC is only about 30% of
the total cementitious material content. Combined with the low W/
CM of 0.27, it limits the production of calcium hydroxide from the
cement hydration process that is needed to activate the pozzolanic
reaction of FA. An alternative mechanism contributing to the
reduction of autogenous shrinkage is that unhydrated FA particles
serve as an inert inclusion that restrains the shrinkage deformation.
Based on the scanning electron microscope observation, a larger
amount of unhydrated fly ash particles is observed in ECC2 specimens
(Fig. 5) compared with ECC1 at the end of 28 days curing. In addition,
since FA retains much more free water than cement particles due to
particle shape characteristics, the autogenous shrinkage reduction
noted in the case of higher volume of FA–ECC mixtures (ECC2) can
also be attributed to the availability of more free water in their matrix.
As seen in Table 2, the ECCmixture with the lower FA/PC content (1.2)
resulted in a higher HRWR demand. Since autogenous shrinkage is the
result of water consumption due to cement hydration, the larger free
water content results in less autogenous shrinkage. Another reason for
the observed lower autogenous shrinkage in the presence of a higher
amount of FA may also be the maintenance of a more open pore
structure containing larger pores [21]. This has been proved from the
pore structure test results presented in Fig. 6. Mercury intrusion
porosimetry (MIP) test were used to obtain information about the
pore structure, including the porosity and pore size distribution of ECC
mixtures. The figure clearly indicates that the increase of FA content
significantly increased the porosity in almost all pore ranges.

The effects of pre-soaked LWA replacement level on the auto-
geneous shrinkage of ECC are also shown in Fig. 4. In each case, the
partial replacement of silica sand by SSD LWA provides a significant
reduction in the observed autogenous deformation during the first
28 days of sealed curing. With increased amounts of pre-soaked LWA
used in the ECC specimens, the free autogenous shrinkage is further
reduced. For the ECC mixtures with an FA/PC of 2.2, internal curing
with 20% pre-soaked LWA replacement (ECC2_20) nearly eliminates
the autogenous shrinkage (microstrains of less than 250 at 28 days).
On the other hand, for the ECC mixes with an FA/PC of 1.2 and 20%
pre-soaked LWA (ECC1_20) substantial autogenous shrinkage is
observed (591 με after 28 days of sealed curing). Therefore, the
water retained in pre-soaked LWA – especially in the case of ECC
mixtures with an FA/PC of 1.2 (ECC1) – was not sufficient to
ing various replacement percentages of FA and LWA.



Fig. 5. SEM micrograph of ECC2_0 specimens after 28 days curing.
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eliminate autogenous shrinkage, although it did significantly reduce
its magnitude. The greater rate of shrinkage of ECC1 at early ages can
likely be attributed to the greater cement content, which is
accompanied by a considerably larger amount of heat and thus rate
of hydration (Fig. 3). Moreover ECC specimens with an FA/PC of 2.2
including pre-soaked LWA showed slight early expansion, which is
also frequently reported in the literature [11,12]. While the mechan-
isms of internal curing contributing to a reduction in autogenous
shrinkage are well known, the mechanisms leading to an early-age
expansion are not well understood. The expansionwasmost likely due
to the crystallization pressure caused by the ettringite formation and/
or swelling of the gel hydration products, which are generally
considered as a principal cause of early-age expansion [22,23].
Additional mechanisms responsible for the observed early-age
expansion may also be considered that re-absorption of bleed water
may also lead to swelling [24]. No external bleeding was observed in
the present research, but the occurrence of internal bleeding might be
present.

3.2. Drying shrinkage

The results of drying shrinkage testing at the age of 90 days are
shown in Fig. 7. Each value in Fig. 7 represents the average drying
shrinkage measurements of three specimens. The ECC mixtures
produced for this study had the same W/CM, so a varying water
requirement was not a factor for drying shrinkage. The drying
shrinkage strains at the age of 90 days ranged from 859 to 1698
micro-strain. As in autogenous shrinkage, ECC mixtures with an FA/PC
of 1.2 without internal curing (ECC1_0) exhibited the highest drying
shrinkage of 1698 microstrain at the end of 90 days. The general trend
in Fig. 7 shows that the increase in the FA content can effectively
Fig. 6. Pore size distributions of ECC1_0 and ECC2_0 after 28 days curing.
reduce free drying shrinkage deformation. Similar results have been
reported for high volume FA concrete [25]. In the present study, a
reduction of up to 20% of drying shrinkage depending on the pre-
soaked LWA replacement rate was found when the FA/PC ratio was
increased from 1.2 to 2.2. A possible mechanism contributing to the
reduction of drying shrinkage in ECCs is unhydrated fly ash particles,
which serve as fine aggregates to restrain the shrinkage deformation
[25–27].

As in the case of autogenous shrinkage, the advantage of
substituting part of the silica sand with pre-soaked LWA can also
clearly be seen in Fig. 7. The substitution of 10 and 20% silica sand by
pre-soaked LWA (regardless of FA/PC) leads to a reduction of up to
28% and 37% of drying shrinkage at the ages of 90 days, respectively.
According to Zhang et al. [28], the drying shrinkage of lightweight and
normal-weight aggregate concrete is similar, and the lower shrinkage
of lightweight aggregate concrete exposed to a dry environment is due
to its lower autogeneous shrinkage compared with that of normal-
weight concrete. Therefore, the water absorbed by the LWA can also
contribute internally to the curing of the ECC even after 28 days and
compensate for water loss when the drying shrinkage specimens are
stored in a drying room at 23±2 °C, and 50±4% humidity.

3.3. Compressive strength

Table 3 presents the average of the compressive strength as
determined from six cubic specimens at the age of 28 days according
to the procedure described in ASTM C39. As seen in Table 3 and as
expected, the compressive strength of ECC mixtures decreased with
increasing FA content. However, even at about 70% replacement of
cement with FA (FA/PC=2.2) (ECC2), the compressive strength of
ECC at 28 days is still more than 40 MPa, considered more than
adequate for many structural applications.

With plain high performance concrete (HPC), in spite of the fact
that pumice is much weaker than the normal weight silica sand it
substitutes, the compressive strength of HPC containing saturated
LWA is expected to produce higher strength than HPC mixtures with
normal-weight fine silica [14]. This is due to improvement of the
interfacial transition zone, enhanced hydration because of internal
curing, and absence of shrinkage-induced microcracking. However, as
seen in Table 3, the compressive strength of ECC mixtures incorporat-
ing saturated LWA was lower than that for control ECC mixtures with
silica sand (ECC1_0 and ECC2_0). These results also indicate that
increasing the replacement level of LWA from 10 to 20% at a constant
FA/PC further reduced the ECC compressive strength. Therefore,
unlike conventional concrete, in the case of ECC, aggregate character-
istics and internal curing negatively influence compressive properties.
The higher strength in mixtures with only normal-weight fine silica
sand (ECC1_0 and ECC2_0) may be due to the more uniform
dispersion of fibers, which is also one of the major reasons for the
obtained higher tensile properties in these mixtures (see Sections 3.4
and 3.5). Another possible explanation is that, the light weight pumice
aggregate is much weaker than the normal-weight fine silica sand it
substitutes. Moreover, the maximum size of LWA is much larger than
the silica sand they substitute (up to 4.76 mm in size, vs. 200 μmof the
silica sand). The LWA acts as the biggest defects in the matrix where
stresses will concentrate and cracking initiate.

3.4. Uniaxial tensile performance

After an initial seven-day moist curing, uniaxial tensile tests were
performed on ECC coupon specimens cured in air at 28 days of age to
confirm the ductile strain-hardening performance of ECC mixtures
containing pre-soaked LWA with a nominal maximum aggregate size
of 4.76 mm. Table 4 displays test results in terms of ultimate tensile
strength, ultimate tensile strain at the peak stress and residual crack
width. Typical stress-strain curves are presented in Fig. 8. To facilitate



Fig. 7. Drying shrinkage strain versus drying time for ECCs after 28 days moist curing.
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the comparison between test results for different ECC mixtures, the
same scales for both axes have been used for the graphs. Each result in
Table 4 is an average of six to eight specimens. As seen in both Fig. 8
and Table 4, all ECC mixtures developed in this study show strain-
hardening behavior with development of multiple cracks with small
crack spacing. They show a sustained increase in load capacity beyond
the first matrix crack, with strain capacities from 1.64% to 2.99%, which
are in the range of 164 to 300 times the ductility of conventional
concrete and normal fiber reinforced concrete. Fig. 8 also shows that
the first crack strengths vary from 3.0 to 4.5 MPawith the variation of
the FA/PC and saturated LWA replacement rate. After the first
cracking, the uniaxial tensile load continues to rise accompanied by
multiple cracking with small crack spacing and tight crack widths
(b0.060 mm). This contributes to the inelastic strain as stress
increases; as the tensile strength was approached, one of the cracks
started to open up.

As can be demonstrated in Fig. 8, regardless of the pre-soaked LWA
replacement level, the increase of the FA/PC ratio from 1.2 to 2.2
significantly improves the tensile strain of ECC at 28 days of age. The
improvement in tensile strain can be attributed to the fact that the
increase in FA content tends to reduce the PVA fiber/matrix interface
chemical bond and matrix toughness, while increasing the interface
frictional bond in favor of attaining high tensile strain capacity [29].
On the other hand, the increase in FA content reduces the tensile
strength (Table 4). ECC specimens with an FA/PC of 1.2 exhibit a
higher ultimate tensile strength (up to 12% higher depending on the
LWA replacement ratio), while the ECC specimens with an FA/PC of
2.2 exhibits more ductile behavior. However, even at about 70%
replacement of cement by FA (FA/PC=2.2), the uniaxial tensile
strength of ECC at 28 days was not significantly different from that of
fiber reinforced concrete.

As shown in Fig. 8, the typical tensile stress – tensile strain curves
of ECC specimens containing pre-soaked LWA reveal that the effects of
pre-soaked LWA replacement (regardless of FA/PC) on the stress –

strain curves, tensile strain (ductility) and tensile strength of the ECC
specimen are significant, which is surprising. Tensile strain capacity
and uniaxial tensile strength of the ECC mixtures with pre-soaked
Table 4
Uniaxial tensile properties of ECC specimens at 28 days.

FA/PC Mix ID Tensile strain, % Tensile strength, MPa Residual crack
width, μm

1.2 ECC1_0 2.09±0.16 5.13±0.31 ~60
ECC1_10 1.95±0.17 4.65±0.36 ~56
ECC1_20 1.64±0.04 4.16±0.27 ~55

2.2 ECC2_0 2.99±0.37 4.59±0.28 ~54
ECC2_10 2.92±0.50 4.27±0.41 ~50
ECC2_20 2.46±0.29 4.07±0.35 ~50
LWA is lower than that of the control ECC mixtures without LWA
(ECC1_0 and ECC2_0), in spite of the fact that the pumice is much
weaker than the normal weight silica sand it substitutes. Moreover, as
the replacement rate of pre-soaked LWA increases, the tensile
properties decrease further. It is widely accepted that the use of
LWA generally produces lower fracture energy for plain concrete, and
therefore lower matrix toughness [13], which – according to
micromechanics theory of ECC – is expected to contribute to the
tensile strain capacity. According to micromechanical principles,
lower matrix toughness is favorable for strain-hardening [1]. The
reduced properties, especially ductility, might be due to the lack of
uniform dispersion of fibers. The balling of fibers encouraged by
significantly coarser LWA (compared with silica sand at constant sand
content) prevents sufficient coating of fibers by the matrix, and thus
reduces fiber-to-matrix bonding, which is an important factor
influencing ductility. Moreover, even without balling, the fiber
dispersion uniformity would still be disturbed by the physical
presence of larger aggregates. Fortunately, as discussed above, the
increase in the replacement rate of FA in ECC significantly increases
tensile ductility. Therefore by adjusting the FA content in ECCmixtures
made with the addition of saturated LWA, tensile properties can easily
be optimized.

Table 4 also summarizes the effect of FA and saturated LWA
replacement level on the residual crack width of ECC mixtures. After
unloading, multiple microcracks with a small average crack width and
fine crack spacing were observed, as shown in Fig. 9. It was also found
that crack width reduces slightly as FA content increases. On the other
hand, up to a 20% substitution of silica sand by the pre-soaked LWAdid
not influence the average residual crack width, which is less than
60 μm for all ECC mixtures studied. Crack width control is of primary
importance for many reinforced concrete applications, since there is a
close relationship between the mean or maximum crack widths and
the durability of the structure. Moreover, the lower magnitude of
crackwidth is expected to promote self-healing behavior, and thus the
transport properties in cracked composites [30–37]. Consequently, in
the serviceability limit state a mean or maximum crack width of less
than about 0.1 mm is usually prescribed [38,39].

3.5. Flexural performance

Table 5 displays the test results of flexural strength (modulus of
rupture — MOR) and ultimate mid-span deflection at the peak stress.
The typical flexural stress-mid-span deflection curves for different
saturated LWA and FA replacement levels of the ECC mixtures are
shown in Fig. 10. Each result in Table 4 is the average of four to six
specimens.

As seen in Fig. 10, under severe bending load, all ECC beams
deforms similarly to a ductile metal plate through plastic deformation.



Fig. 8. Typical uniaxial tensile stress–tensile strain curves of ECC mixtures at age of 28 days.
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In all ECC specimens, the first crack started inside the mid-span at the
tensile face. The flexural stress increased at a slower rate along with
multiple cracks with small crack spacing and tight crack widths
(b0.1 mm) that developed from the first cracking point and spread.
Bending failure in ECC occurred when the fiber bridging strength at
one of themicrocrackswas reached, resulting in localized deformation
at this section. As the MOR was approached, one of the cracks inside
the mid-span started to open up.

Table 5 shows that the average ultimate flexural loads vary from
10.45 to 12.12 MPa and the total deflection of the ECC beams, which
reflects the material ductility, vary from 3.66 to 4.56 mm depending
on the FA and saturated LWA replacement levels. The flexural strength
test results (Table 5) also show that the load carrying capacity and
mid-span beam deflection value of the ECC mixtures with pre-soaked
LWA are lower than that of the control ECC mixtures without LWA
(ECC1_0 and ECC2_0). Moreover, as the amounts of pre-soaked LWA
used in the ECC specimens increase from 10 to 20%, the flexural
properties decrease further. For example, the flexural strength and
mid-span beam deflection of ECC beams with saturated LWA
replacement rate of 20% (ECC1_20 and ECC2_20) are about 90% and
81% that of the control ECC mixtures (ECC1_0 and ECC2_0) without
saturated LWA, respectively. The possible reason for this negative
effect of saturated LWA has already been discussed in Section 3.4. On
the other hand, unlike the uniaxial tensile strength, increasing the FA
Fig. 9. Typical crack pattern on the surface of ECC coupon after uniaxial tensile load
application (ECC2_20).
replacement level from an FA/PC of 1.2 to 2.2 has only a minor effect
on the flexural strength and total deflection of the ECC beam. This
result may be attributed to the fact that in a flexural test, the response
can be either due to the deflection hardening or strain hardening [40],
and thus direct uniaxial tensile testing is considered the most
convincing method of evaluating material strain-hardening behavior
[41]. In bending, the dimensions of the specimen and the chosen set-
up also significantly influence the behavior of a test specimen [41]. A
thin specimen, for example, is more likely to show deflection
hardening than a thick one. In uniaxial tension, the effects associated
with non-uniform stress in the specimen section are eliminated.
However, this observation requires further investigation before any
firm conclusions can be drawn, andwill not be discussed further in the
present study.

The slope of the load-deflection curve represents the stiffness of
the beams. It can be easily noted from Fig. 10 that the slope decreases
with increasing saturated LWA content, thereby indicating a reduction
in the stiffness of the ECC beams. The first crack load is defined as the
load at which the load-deformation response deviated from linearity.
For all ECC mixtures, the first crack load increases up to about 70% of
the peak load for fiber composites. The increase in saturated LWA
replacement ratio from 0 to 20% also reduces the first crack strength
by an average of 45%. However, Fig. 10 shows that an increase in the
FA/PC from 1.2 to 2.2 had little influence on the magnitude of the first
crack loads and stiffness of the ECC beams, at least within the FA/PC
ratio-range studied here.

4. Conclusions

This paper presents the first results of a series of studies being
performed to determine the effect of saturated lightweight aggregate
(LWA) substitution (10 and 20% by weight of total silica sand) on
autogenous shrinkage in a low W/CM Engineered Cementitious
Composites (ECC) with two different fly ash contents (FA/PC of 1.2
and 2.2 by weight). Standard ECC mixtures with only normal-weight
micro-silica sand were produced for control purposes. Additionally,
the drying shrinkage, compressive, flexural and uniaxial tensile
Table 5
Flexural properties of ECC specimens at 28 days.

FA/PC Mix ID Flexural strength, MPa Ultimate deflection, mm

1.2 ECC1_0 12.12±0.86 4.51±0.47
ECC1_10 10.90±1.37 4.10±0.85
ECC1_20 10.50±0.27 3.66±0.06

2.2 ECC2_0 11.48±0.92 4.56±0.05
ECC2_10 10.83±0.12 4.48±0.89
ECC2_20 10.45±1.12 3.91±0.31



Fig. 10. Typical flexural strength-deflection curves of ECC mixtures at age of 28 days.
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properties of these same materials were evaluated. Based on the
experimental test results and discussion, the following conclusions
can be drawn:

1. The incorporation of internal curing in ECC by the addition of
saturated fine LWA is very beneficial in controlling the develop-
ment of autogenous shrinkage of a 0.27 W/CM ECC. As much as a
67% reduction in autogenous shrinkage relative to control speci-
mens at 28 days can be attained with a 20% substitution of silica
sand by saturated LWA. An additional benefit of drying shrinkage
reduction of 37% relative to control specimens at 90 days, has also
been observed. On the other hand, the ductility and strength
properties of ECCs are adversely affected by the partial replacement
of normal-weight silica sand with saturated LWA. Nevertheless the
observed ~2.0% strain capacity remains acceptable for an ECC,
which is almost 200 times greater than the ductility of conventional
concrete and normal fiber reinforced concrete.

2. Incorporating FA considerably reduced both autogenous shrinkage
and drying shrinkage of ECC; the higher the FA content, the lower
the autogenous shrinkage and drying shrinkage. It is hypothesized
that the intrinsic characteristics of FA, such as its particle shape,
diluent effect (especially at early ages and higher and coarser
porosity because of delayed hydration), and inert characteristics at
earlier ages, contribute to the reduction of autogenous shrinkage of
ECC containing high volume of FA (ECC2). Moreover, increasing the
levels of FA (FA/PC of 2.2) leads to further improvements in tensile
strain capacity and flexural performance and reductions in crack
width compared with the ECC mixture (ECC1–M45) with an FA/PC
of 1.2.

Because autogenous shrinkage is one of the main reasons for early-
age cracking of low W/CM ECC, it is to be expected that a partial
replacement of normal-weight silica sand by saturated fine LWA with
high volume FA would reduce such cracking under restraint condi-
tions at an early age. The risk of drying shrinkage cracking may also be
reduced due to the incorporation of saturated LWA in the mixture. For
a complete understanding of ductility and mechanical performance of
ECC containing saturated LWA with different replacement levels, it
will be necessary to conduct further research on a micro-mechanical
scale to determine changes in ECC matrix toughness and fiber/matrix
interface properties, which is beyond the scope of this study.
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