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HIGHLIGHTS

« [ron ore tailings (IOTs) were used as aggregates to prepare green ECC.

« Influences of 10Ts size on fresh properties of ECC mortar were investigated.

« Influences of I0Ts size on tensile properties of ECC were studied.

« The mechanical properties of ECC with IOTs are comparable to that with silica sand.
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Micro-silica sand is often used as fine aggregate in the production of Engineered Cementitious Compos-
ites (ECC), which is a class of ultra-ductile fiber-reinforced cement-based structural materials. However,
high cost and limited availability of micro-silica sand creates an obstacle for widespread application of
ECC in civil infrastructure. To overcome this limitation, the present study explores the feasibility of using
iron ore tailings (I0Ts) as cheaper and more environmentally friendly alternative aggregates without sac-
rificing the ductile mechanical performance of standard ECC. Influences of the size of IOTs on plastic vis-

Key'.’vordS" . . cosity of fresh ECC mortar, and on tensile properties and fiber dispersion in composites were
Engmeered cementitious comp051tes . . . . .
Aggregate experimentally investigated. At two levels of fly ash/cement ratio, performance of ECC with IOTs under

direct tension and compression was investigated. The results show that ECC with IOTs as aggregates
can attain tensile and compressive properties comparable to ECC with typically-used micro-silica sand,
provided that the size of IOTs used is in the appropriate range which facilitates good fiber dispersion.
Thus, the feasibility of using industrial solid waste-iron ore tailings as aggregates in the development
of highly ductile and green ECC was established.

Iron ore tailings
Fiber dispersion
Tensile ductility

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Engineered Cementitious Composites (ECC) designed through
micromechanical principles are a special generation of high perfor-
mance fiber reinforced cementitious composites, which are charac-
terized by ultra-high tensile ductility and tight crack width [1]. ECC
with 2% volume fraction of Poly-Vinyl Alcohol (PVA) fibers demon-
strates a tensile strain capacity of 3-5%, which is two orders of
magnitude higher than that of normal concrete and fiber rein-
forced concrete (FRC) [2]. Such high ductility is a result of tensile
strain hardening behavior through multiple cracking. The inher-
ently small crack width is typically below 100 pum even at large im-
posed tensile deformation [2]. Due to such high tensile ductility
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and tight crack width, ECC exhibits superior durability compared
to normal concrete and FRC under various mechanical and
environmental conditions [3], making it a promising material
to enhance safety, serviceability, and sustainability of civil
infrastructure.

Aggregates in cementitious materials have a significant impact
on material workability, strength, stiffness, shrinkage, and cost.
Specifically, in ECC, aggregates influence the material’s tensile per-
formance mainly through alterations in matrix fracture toughness
and fiber dispersion. The matrix fracture toughness tends to
increase with larger aggregate size due to increase in tortuosity
of fracture propagation. However, according to the micromechani-
cal design principles of ECC, matrix fracture toughness has to be
limited for attaining strain hardening behavior of the composite
[1]. For this reason, coarse aggregate is not used in the standard
ECC mixture [4]. Additionally, with the presence of PVA fibers in
ECC, aggregates with size larger than average fiber spacing can
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cause fiber clumping and poor fiber dispersion [5]. Fiber clumping
becomes more pronounced with increase in aggregate size. Poor
fiber dispersion leads to a reduction in the number of effective
fibers at the failure crack, which causes a decrease in tensile
strength and tensile strain capacity [6]. Therefore, in the design
of ECC, the use of fine aggregate is needed to maintain low fracture
toughness of the matrix and uniform fiber dispersion in the
composite, both of which are crucial for achieving good tensile
performance of ECC.

Due to the above considerations, micro-silica sand (SS) with an
average diameter of approximately 110 um is frequently used in
various ECC compositions [7-11]. However, the manufactured mi-
cro-silica sand is relatively expensive and is less widely available
than common sand, which leads to higher initial cost of ECC. In
addition, the initial energy consumption and CO, emissions associ-
ated with the manufacture of silica sand creates larger environ-
mental burdens than coarser aggregates used in concrete. These
initial economic and environmental costs limit large-scale applica-
tion of ECC, despite the fact that replacement of a conventional
material such as concrete with ECC in an infrastructure reduces
the life cycle costs and environmental impact due to enhanced
durability and less frequent maintenance [12]. Therefore, it is
imperative to seek cost effective and environmentally friendly
alternative aggregate in the production of ECC without sacrificing
its mechanical properties.

This paper explores one of the several feasible approaches for
promoting greenness and lowering cost of ECC by replacing mi-
cro-silica sand with iron ore tailings (IOTs). Iron ore tailings (I10Ts)
are waste ground rocks generated during the beneficiation process
of iron ore concentration. In developing countries, IOTs are mainly
stockpiled as waste and are often underutilized. For instance in
China, the annual generation of IOTs increased from 137 billion ton
in 2000 to 536 billion ton in 2009, and the total accumulation of
I0Ts from 2000 to 2009 exceeded 2.8 billion ton [13]. However,
the current utilization rate of IOTs in China is less than 10% [14].
Due to the economic concern and environmental awareness, the
reuse of I0Ts is an urgent need. Utilization of I0Ts in the produc-
tion of ECC can potentially provide significant benefits in sustain-
ability of both construction and mining industry, specifically, in
terms of reductions in natural resource use, energy consumption,
ECC cost, land use, and I0Ts management cost.

This paper aims to investigate the feasibility of using IOTs as
aggregates in the production of green ECC with reduced environ-
mental and economic cost. The influences of the size of I0Ts on
plastic viscosity of fresh ECC mortar, fiber dispersion, and mechan-
ical properties of ECC mixtures are experimentally investigated.
The tensile and compressive properties of ECC with I0Ts are com-
pared to standard ECC with micro-silica sand at two different fly
ash contents. Experimental investigations exploring various effects
of I0Ts on the mechanical performance of ECC and conclusions
therefore are detailed in the following sections.

2. Experiment program
2.1. Materials

The major matrix ingredients of ECC are Type I ordinary Portland cement (C),
Class F fly ash (FA), fine aggregate (IOTs or SS), water and High Range Water Reduc-
ing Admixture (HRWRA). Chemical composition and physical properties of fly ash
are given in Table 1. Poly-Vinyl Alcohol (PVA) fibers are incorporated as reinforcing
fibers. The PVA fibers with a length of 12 mm and diameter of 39 pm are coated
with 1.2% by weight of oil to control the fiber/matrix interfacial properties. The
nominal tensile strength, elastic modulus, and density of the PVA fibers are
1620 MPa, 42.8 GPa, and 1300 kg/m?>, respectively.

I0Ts used in this study mainly consist of silica, alumina, and iron oxide, with
quartz as the major mineral phase [15]. Four size ranges of I0Ts depicted as
I0Ts-Fine, 10Ts-1180, 10Ts-600, and 10Ts-425 were investigated in this study.
During iron ore mining operations, two types of I0Ts are generated, fine IOTs and

Table 1

Chemical and physical properties of fly ash (%).
Chemical composition, % Fly ash
Ca0 14.04
Si0, 44.09
Aly05 23.21
Fe,05 8.39
SO3 1.46
Moisture 0.05
Loss on ignition 0.56
Available alkalis, as Na,0 0.99
Physical properties
Retained on 45 pm, % 16.85
Water requirement, % 97
Specific gravity 2.45

coarse 10Ts. The fine iron ore tailings as obtained from the mine without additional
processing are named IOTs-Fine in this study. The coarse I0Ts are passed through
sieves with openings of 1180 pum, 600 pm, and 425 pm (plus bottom pan) and
the IOTs passing through sieve are called 10Ts-1180, I0Ts-600, and I0Ts-425,
respectively, such that the number in the name of IOTs represents the nominal
maximum aggregate size. For comparison purpose, a standard ECC mixture contain-
ing micro-silica sand was also prepared. Particle size distributions of I0Ts and mi-
cro-silica sand obtained through sieve analysis are given in Fig. 1. Particle
morphology of micro-silica sand and IOTs-Fine is shown in Fig. 2, which suggests
that micro-silica sand has a near-round shape, while I0Ts have an angular shape
as a result of crushing and grinding.

Alkali silica reaction (ASR) is known to cause serious deterioration problems in
cementitious materials using aggregates containing amorphous silica, and there-
fore, the ASR potential of IOTs was determined before using it as alternative aggre-
gate in ECC. Accelerated mortar bar test as specified by ASTM C 1260 was used to
measure the ASR potential of IOTs. The mortar bars were immersed in a 1 N NaOH
solution at 80 °C for 14 days. Fig. 3 shows the expansion test results of mortar bar
specimens containing IOTs-Fine and I0Ts-1180 as representatives of fine and coarse
tailings, respectively. The expansion rate of these mortar bars measured at 14 days
is far below 0.10% (Fig. 3), indicating that IOTs are innocuous aggregates that can be
used in cementitious materials without concerns of ASR.

2.2. Mix proportions

Two sets of mixtures were prepared in this study. In the first set (Table 2), four
ECC matrix mixtures M1-4 (without fibers, ‘M’ stands for matrix) with the same
constituent proportions but with different I0Ts size were prepared to investigate
the influence of I0Ts size on the plastic viscosity of fresh ECC mortar. The plastic
viscosity was measured through Marsh cone flow test. The rheology of the matrix
in the fresh state is important for fiber dispersion uniformity [6].

In the second set (Table 2) of mixtures, eight ECC mixtures C1-8 (with fibers, ‘C’
stands for composites) were prepared to investigate the effects of I0Ts size and FA
content (FA/C of 2.2 and 4.4 by mass) on the mechanical properties of cured ECC
mixtures, while utilizing the knowledge of the influence of IOTs size on the fresh
matrix properties from the first set to achieve good fiber dispersion in the second
set. For mixtures C1-8, the HRWRA content was adjusted to keep the fresh matrix
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Fig. 1. Particle size distributions of IOTs and micro-silica sand.
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Fig. 2. Particle morphology of micro-silica sand and 10Ts-Fine.
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Fig. 3. Expansion of mortar bars as a function of immersion period.

viscosity of all mixtures at a constant level by maintaining the Marsh cone flow
time of 30 £ 5 s which was identified as the optimal range for achieving high degree
of homogeneity of PVA fiber dispersion in ECC [6]. PVA fibers were used in all com-
posite mixtures at a volume fraction of 2%. The mechanical properties of ECC with
I0Ts were also compared with standard ECC containing micro-silica sand (mixtures
C7-8).

2.3. Specimens preparation

The matrices of all mixtures were prepared following a typical ECC matrix mix-
ing procedure [15]. Marsh cone flow time of the fresh matrices of mixtures M1-4
was measured. For composite mixtures C1-8, desired Marsh cone flow time
(30 £ 55, as mentioned above) of the fresh matrix mixtures was attained by adjust-
ing the dosage of HRWRA. Subsequently, fibers were added and mixed with the
matrices of C1-8. These freshly prepared mixtures were cast into molds that were

moderately vibrated using a vibration table. All specimens were demolded 1 day
after casting and cured in a plastic bag at a room temperature of about 23 + 3 °C
for another 27 days, when they were tested.

Three cube specimens measuring 50 x 50 x 50 mm?> and three dogbone speci-
mens were prepared for all composite mixtures C1-8 for compression and tension
tests, respectively. The geometry of a dogbone specimen used in this study is given
in Ranade et al. [16]. In addition, four notched beam specimens measuring
305 x 76 x 38 mm?® for mixtures C1-4 were cast without adding fiber to determine
the effect of I0Ts size on the matrix fracture toughness.

2.4. Procedures of experiments

Marsh cone flow time was used to indirectly measure the plastic viscosity of
fresh ECC mortar. The geometry of a Marsh cone is given in Li and Li [6]. It measures
the time taken by a cone full of mortar to flow through a narrow opening at the bot-
tom of the cone.

Uniaxial tension and compression tests were performed to characterize the ten-
sile and compressive behavior of ECC mixtures C1-8. The direct tension tests on
dogbone specimens were conducted at a controlled displacement rate of 0.5 mm/
min as recommended by the Japan Society of Civil Engineers (JSCE) for direct ten-
sion testing of High Performance Fiber Reinforced Cementitious Composite [18].
Two LVDTs were attached on each dogbone specimen with gauge length of approx-
imately 100 mm to measure the tensile extension. Compression tests were con-
ducted in accordance with ASTM C109, and the peak compressive load was
recorded to determine compressive strengths of various ECC mixtures.

The matrix fracture toughness was measured in accordance with ASTM E399
[17] using a three-point bending test setup. The span length of bottom support
for the beam was 254 mm and the notch depth (at the longitudinal center of the
beam) to beam height ratio was 0.4.

To investigate the influence of I0Ts size on fiber dispersion, the degree of homo-
geneity of fiber dispersion in ECC mixtures C1-4 was determined using fluorescence
microscopy and digital image analysis. After the uniaxial tension tests, a 5 mm-
thick cross-section close to the final failure crack was cut perpendicular to the load-
ing direction from each dogbone specimen (Fig. 4). In preparation for fluorescence
imaging, these cross-sections were ground with p800 and p1200 sand papers for
two minutes each. Subsequently, each cross-section was imaged at 3.2 x magnifica-
tion using a fluorescence microscope with a ultra-violet (UV) light source. The PVA
fibers fluoresce and emit green light when excited by UV incident light while the
surrounding cementitious matrix does not fluoresce and appears black, which dif-
ferentiates fibers from matrix (Fig. 5). The field of view of the microscope is about

Table 2

Mixture proportions.
Mix ID Aggregate C FA/C Aggregate/(FA + C) Water/(FA + C) HRWRA/(FA + C) (%) PVA (vol.%)
M1 I0Ts-Fine 1 22 0.36 0.26 0.40 -
M2 10Ts-425 1 22 0.36 0.26 0.40 -
M3 10Ts-600 1 22 0.36 0.26 0.40 -
M4 10Ts-1180 1 22 0.36 0.26 0.40 -
C1 I0Ts-Fine 1 22 0.36 0.26 0.46 2.0
Cc2 I0Ts -425 1 22 0.36 0.26 0.42 2.0
Cc3 10Ts-600 1 22 0.36 0.26 0.40 2.0
c4 10Ts-1180 1 22 0.36 0.26 0.37 2.0
C5 I0Ts-Fine 1 4.4 0.36 0.26 0.42 2.0
C6 10Ts-425 1 44 0.36 0.26 0.40 2.0
c7 SS 1 44 0.36 0.26 0.42 2.0
8 SS 1 22 0.36 0.26 0.43 2.0
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Failure crack

Fig. 4. Sample preparation for measuring fiber dispersion.

Fig. 5. Image captured on the cross-section under a fluorescence microscope.

6.6 x 5.0 mm?. A whole cross-sectional area cut from the dogbone specimens is
30 x 12.7 mm? and therefore eight images were taken for each section. A digital im-
age processing method developed by Lee et al. [19] was used to calculate the fiber
dispersion coefficient o at these cross sectional images. The fiber dispersion coeffi-
cient oc was calculated according to the Eq. (1)

o = exp

T 0= 17
[‘ T M

where n is the total number of fibers detected in an image and x; is the number of
fibers observed in ith square. The entire image is considered to be divided in n equal
squares. « is 1, when there is exactly 1 fiber in each square (perfectly homogenous
dispersion), whereas « is almost equal to 0, when all fibers are clumped together
in one square (no dispersion at all) [19].

3. Results and discussion
3.1. Influence of IOTs size on the plastic viscosity of ECC matrix

Plastic viscosity of ECC matrix (before adding fibers) has signif-
icant impact on fiber dispersion and corresponding tensile ductility
[6], and therefore, it is necessary to evaluate the influence of a new
ingredient such as IOTs on the plastic viscosity. Marsh cone flow
time was found to correlate well with the plastic viscosity of
cementitious materials [6]. A longer marsh cone flow time indi-
cates a higher plastic viscosity. It was concluded in a previous
study [6] that the plastic viscosity corresponding to Marsh cone
flow time of 30 = 5 s is desirable for achieving homogenous disper-
sion of PVA fibers in ECC matrix. The test results of the plastic vis-
cosity of ECC matrix mixtures (M1-4) with the same mix
proportions by weight but containing IOTs of differing sizes are
summarized in Table 3. Among the mixtures M1-4, the Marsh cone
flow time of only one mixture (M3) with IOTs-600 lies in the desir-
able range 30 £ 5 s. Overall, it is observed that an increase in 10Ts

Table 3
Influence of I0Ts size on plastic viscosity of ECC matrix.

Mix ID Aggregate Marsh cone flow time (s)

M1 [0Ts-Fine Flow stopped (very long time)
M2 10Ts-425 60

M3 10Ts-600 28

M4 10Ts-1180 16

size (from M1 to M4) results in a decrease of the Marsh cone flow
time of ECC matrix. This observation of decrease in matrix viscosity
with increase in I0Ts size is used to guide the design of matrices for
the ECC (with fiber) mixtures discussed in the next section.

3.2. Influence of I0Ts size on the composite tensile behavior

As discussed above, the size of IOTs can potentially affect the fi-
ber dispersion and, therefore, the mechanical properties of ECC in
two ways. First, the IOTs size may influence the matrix viscosity
(as noted in the previous section) which affects fiber dispersion,
and second, the I0Ts size may directly affect the available space
between fibers for dispersion. In order to eliminate the effect of
I0Ts size on the viscosity of fresh ECC matrix (first way), the mass
ratio of HRWRA to total cementitious materials (HRWRA/FA + C) in
mixture C1-4 was varied from 0.37% to 0.46% (Table 3) for main-
taining the Marsh cone flow time of 30 + 5 s in all composite mix-
tures. Using mixture M3 as the baseline, the HRWRA content is left
unchanged (HRWRA/FA + C = 0.40% by weight) in the correspond-
ing ECC mixture C3 (with fibers) containing I0Ts-600, whereas it
is increased for ECC mixtures with finer I0Ts (C1-2) and decreased
in ECC C4 containing coarser I0Ts for obtaining target viscosity.
Maintaining constant matrix viscosity ensures that the fiber dis-
persion and corresponding mechanical performance of the com-
posite is not affected by the matrix viscosity and is mainly
influenced by IOTs size effect on fiber spacing, which is the objec-
tive of investigation in this part of the study.

The uniaxial tensile test results of mixtures C1-4 at the age of
28 days are given in Fig. 6 and Table 4. Three dogbone specimens
were tested for each mixture. It is observed that all ECC mixtures
show strain hardening behavior with tensile strain capacities rang-
ing from 1.5% to 2.9% at 28 days. The tensile strain capacities of ECC
mixtures C1-4, normalized by the tensile strain capacity of mix-
ture C1, are plotted against IOTs size in Fig. 7. It is observed that
the tensile strain capacity of ECC mixtures decreases as the IOTs
size increases. The reduction in tensile ductility is only marginal
as the IOTs size increases from IOTs-Fine to 10Ts-425, while the
tensile ductility decreases substantially with further increase in
I0Ts size from 10Ts-425 to I0Ts-1180. Compared with mixture
C1 containing IOTs-Fine, mixture C4 with I0Ts-1180 exhibits
nearly 50% reduction in tensile strain capacity. Therefore, I0Ts-Fine
and I0Ts-425 are preferred as alternative aggregates in ECC in view
of tensile ductility optimization.

In order to determine the underlying cause for the reduction in
tensile ductility with larger IOTs, the effect of IOTs size on the fiber
dispersion was investigated. As explained above (Eq. (1)), fiber dis-
persion can be quantified by fiber dispersion coefficient (), which
is computed from fluorescence images of material cross-sections.
Higher fiber dispersion coefficient indicates more homogenous
fiber dispersion. Fig. 8 shows the influence of IOTs size on the fiber
dispersion coefficient. It is observed that an increase in I0Ts size
causes a reduction in fiber dispersion coefficient. The correlation
between the fiber dispersion coefficient and the tensile strain
capacity is plotted in Fig. 9. It is observed that there is a strong
positive correlation between tensile strain capacity and fiber
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Fig. 6. Uniaxial tensile stress-strain curves for mixtures C1-4 at 28 days.
Table 4
Tensile properties of mixtures C1-4 at 28 days.
Mix ID Aggregate size First cracking strength (MPa) Tensile strength (MPa) Tensile strain (%)
C1 10Ts-Fine 3.8+0.5 58+0.3 29+04
Cc2 10Ts-425 39+04 56+0.3 2.8+0.6
Cc3 10Ts-600 39+0.1 53+04 24+05
C4 10Ts-1180 4.0+0.2 49+0.6 1.5+06
1.2 0.340
c 1.0 *
[ £ M
B @ 0.330
@ 0.8 £
g g ¢
; 0.6 c
o
‘g K] 0.320
= i o
° T
Z I
0.2 7 2 0310 - *
TN
0.0 T T T
10Ts-Fine 10Ts-425 10Ts-600 10Ts-1180
Aggregate ID 0300 ] T T T
10Ts-Fine 10Ts-425 10Ts-600 10Ts-1180

Fig. 7. Normalized tensile strain capacity of ECC mixtures with I0Ts in various
sizes.

dispersion coefficient of ECC mixtures. These results suggest that
ECC mixtures with coarser I0Ts have lower fiber dispersion
coefficient, which causes the observed reduction in tensile strain
capacity of ECC.

The decrease in fiber dispersion coefficient with relatively coar-
ser IOTs aggregate is likely due to the detrimental influence of large
aggregate size on fiber dispersion, which is schematically illus-
trated in Fig. 10 [5]. Fiber clumps were felt by hand in the fresh
mixture of C4 containing I0Ts-1180 even though the matrix viscos-
ity was controlled in the optimized range. Good fiber dispersion re-

Aggregate ID

Fig. 8. Influence of IOTs size on fiber dispersion coefficient.

quires aggregates to be small enough to move freely between the
fibers [5]. Aggregates with particle size larger than the average dis-
tance between fibers may cause fiber clumping, as illustrated in
Fig. 10; a theoretical discussion of this effect is presented in the fol-
lowing paragraph.

The theoretical distance (D) between fibers, assuming that
fibers are uniformly distributed (fiber dispersion coefficient,
a=1), can be calculated by Eq. (2). The theoretical number of fi-
bers per unit area (Np) of the composite can be calculated using
Eq. (3) [21].
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D= VTN~ @
Ny :X—;ng 3)

where drand Ay are fiber diameter and cross-sectional area, and Vyis
the volume fraction of the fibers in the composite. #; is the fiber
bridging efficiency dependent on fiber orientation distribution; the-
oretical values of 7z are 1, 2/x, and 0.5 for uniformly random 1D, 2D,
and 3D fiber distributions, respectively.

For ECC mixtures containing PVA fibers with diameter (dy) of
39 pm at volume fraction (Vj) of 2% in this study, the theoretical
number of fibers per square centimeter (Ng x 1 cm?) and fiber dis-
tance (D) for three types of fiber orientation distributions are sum-
marized in Table 5. The theoretical distance between fibers for 1D,
2D, and 3D distributions are 205 pwm, 267 pm, and 307 pwm, respec-
tively. In actual laboratory specimen or structural members, fiber
orientation tends to be 2D or 3D distribution for short PVA fibers
depending on the specimen/member geometry. Due to the inevita-
ble non-homogeneity of fiber dispersion (signified by observed o
considerably less than 1) in real mix processing, the actual distance
between the fibers might be greater than the theoretical values of
267 pm or 307 um (for 2D and 3D distributions), and therefore,
aggregates with maximum size considerably larger than these
sizes are also acceptable to some extent. Nevertheless, the theoret-
ical fiber distance serve as guidelines for choosing aggregates in an
appropriate size range in combination with experimental observa-
tions. The experimental results of this study suggest that the aggre-
gate size of [OTs-425 is the particle size limit for achieving optimal
fiber dispersion coefficient in ECC mixtures as a more significant
drop in fiber dispersion coefficient and mechanical performance
of ECC mixtures is observed with IOTs coarser than I0Ts-425.

X. Huang et al./ Construction and Building Materials 44 (2013) 757-764

Table 5
Number of fibers per cm? and distance between fibers for ECC with uniform fiber
dispersion.

Fiber orientation Number of fibers per cm? D (pm)
1D 1675 205
2D (random) 1066 267
3D (random) 838 307
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Fig. 11. Fracture toughness of matrices of mixtures C1-4 at 28 days.

The strain capacity reduction of ECC mixtures can also be partly
explained by the increase of matrix fracture toughness. Fig. 11
shows the fracture toughness test results of the matrices (without
adding fibers) of mixtures C1-4. As shown in Fig. 11, fracture
toughness of ECC matrix slightly increases with the increase in
I0Ts size, which is caused by the increased tortuosity of fracture
path along the interfacial transition zone (ITZ) between I0Ts parti-
cles and surrounding cement paste. As the first cracking strength is
proportional to the matrix fracture toughness, the increasing trend
of matrix fracture toughness with the increase in IOTs size is also
reflected in the corresponding increasing trend of first cracking
strength (Table 4). According to the micromechanics based design
theory of ECC, there are two necessary conditions that must be sat-
isfied for achieving strain-hardening [22,23]. The first condition re-
quires that the cracking strength o on any given crack plane be
smaller than the fiber bridging capacity o. The second condition
requires that the crack tip toughness Ji;, be less than the comple-
mentary energy J, of fiber bridging. Large margins between oy
and o, and between Jy, and J;, are both preferred for increasing
the potential for saturated multiple cracking and high tensile duc-
tility of ECC [24]. Higher matrix fracture toughness due to the
incorporation of coarser 10Ts suppresses the margins between o
and o, and between Ji;, and J, thus resulting in lower tensile
strain capacity.
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Fig. 10. Influence of aggregate size on the fiber dispersion [5] ((a) aggregate size < fiber spacing; (b) aggregate size ~ fiber spacing; and (c) aggregate size > fiber spacing).
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3.3. Influence of aggregate type and fly ash content on the tensile
properties of ECC mixtures

The uniaxial tensile stress-strain curves of ECC mixtures with
different aggregate (micro-silica sand, I0Ts-Fine, and 10Ts-425)
and different fly ash content (FA/C ratios of 2.2 and 4.4) at the
age of 28 days are given in Fig. 6a and b and Fig. 12. The averaged
results of three measurements of first cracking strength, tensile
strength, and tensile strain capacity at 28 days are summarized
in Table 6. All ECC mixtures exhibit strain hardening and ductile
behavior, with tensile strain capacities ranging from 2.8% to 4.7%.
The increase of fly ash content (FA/C) increases the tensile ductility
of ECC mixtures, and reduces first cracking and tensile strength.
This trend can be explained by the fact that increase in fly ash con-
tent tends to lower the chemical bond at fiber/matrix interface and
fracture toughness of ECC matrix, while increasing the interface
frictional bond [25]. The net effects of these changes in micro-scale
interactions, caused by increase in fly ash content, are increases in
margins between J;, and J;, and between ¢ and o, both of which
substantially enhance the tensile ductility of ECC as discussed
above.

Regardless of FA/C ratio, the tensile properties in terms of first
cracking strength, tensile strength, and tensile strain capacity of
ECC mixtures with I0Ts-Fine and with I0Ts-425 are quite similar.
For each level of FA/C, ECC mixtures with micro-silica sand exhibit
slightly higher tensile ductility than that with I0Ts-Fine and I0Ts-

425 (Table 6). This can be attributed to the fact that fracture tough-
ness of ECC matrix with micro-silica sand is lower than that with
I0Ts, which is clearly reflected in the decreased first cracking
strength of ECC mixtures with micro-silica sand (Table 6). The low-
er fracture toughness of ECC matrix with micro-silica sand is likely
caused by more rounded shape and smooth surface of micro-silica
sand that allows the crack at the interface between aggregate and
cement paste to propagate more easily. Moreover, at a constant FA/
C, the difference in tensile strength between ECC mixtures with
I0Ts and with micro-silica sand is fairly small. Therefore, the sub-
stitution of micro-silica sand by IOTs-Fine and I0Ts-425 as aggre-
gates in the preparation of ECC is demonstrated to have only
minor negative effects on the tensile properties of ECC.

3.4. Influence of aggregate type and fly ash content on the compressive
properties of ECC mixtures

The compressive strength test results of ECC mixtures with dif-
ferent aggregate and FA/C ratio at 28 days are shown in Fig. 13. The
compressive strength of ECC mixtures decreases with the increase
in FA/C. This is a well-documented effect caused by relatively
slower secondary hydration reactions of fly ash compared to the
primary hydration reactions of cement [26]. At each level of FA/
C, the change in aggregate type and size leads to slight difference
in compressive strengths of ECC mixtures. At FA/C of 2.2, the com-
pressive strength of ECC mixtures ranges from 47.3 to 50.1 MPa; at
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Fig. 13. Compressive strength of ECC mixtures at 28 days.

FA/C of 4.4, the compressive strength of ECC mixtures ranges from
27.4 to 29.6 MPa. This suggests that replacing micro-silica sand by
I0Ts with particle sizes within the size range studied herein does
not have significant effect on the compressive strength of ECC
mixtures.

4. Conclusions

Findings from this research demonstrate the feasibility of using
I0Ts as aggregates in the production of green ECC. The size of I0OTs
was revealed to have significant influences on the fresh and hard-
ened properties of ECC. It was found that IOTs-Fine and 10Ts-425
maintain relatively good fiber dispersion and thus high tensile duc-
tility; IOTs with particle sizes larger than 10Ts-425 cause signifi-
cant reduction in tensile performance. The mechanical properties
in terms of tensile first cracking strength, tensile strength, tensile
strain capacity, and compressive strength of ECC mixtures with
[0Ts-Fine or 10Ts-425 are comparable to those of the standard
ECC mixtures with micro-silica sand. ECC mixtures with 10Ts
(IOTs-Fine or 10Ts-425) exhibit tensile first cracking strength of
3.0-3.9 MPa, ultimate tensile strengths of 4.7-5.8 MPa, tensile
strain capacity of 2.8-4.2%, and compressive strength of 27.9-
50.1 MPa at 28 days, depending on the FA/C weight ratio. The suc-
cessful utilization of industrial solid waste IOTs in the preparation
of ECC demonstrated in this study can potentially offer great ben-
efits in promoting the material greenness, natural resource conser-
vation, and environment protection.
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