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Abstract: This paper reports the results of an initial attempt of using iron ore tailings (IOTs) to develop greener engineered cementitious
composites (ECCs). ECC is a unique class of high-performance fiber-reinforced cementitious composites featuring high tensile ductility and
durability. However, the high cement usage in ECC limits the material greenness and increases the material cost compared with normal
concrete. In this paper, IOTs in powder form are used to partially replace cement to enhance the environmental sustainability of ECC.
Mechanical properties and material greenness of ECC containing various proportions of IOTs are investigated. The newly developed versions
of ECC in this paper, with a cement content of 117.2–350.2 kg=m3, exhibit a tensile ductility of 2.3–3.3%, tensile strength of 5.1–6.0 MPa,
and compressive strength of 46–57 MPa at 28 days. The replacement of cement with IOTs results in 10–32% reduction in energy consump-
tion and 29–63% reduction in carbon dioxide emissions in green ECC compared with typical ECC. Thus, the feasibility of producing greener
ECC with significantly reduced environmental impact using IOTs, and maintaining the mechanical properties of typical ECC, is experi-
mentally demonstrated in this paper. DOI: 10.1061/(ASCE)MT.1943-5533.0000674. © 2013 American Society of Civil Engineers.
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Introduction

Iron ore tailings (IOTs) are large piles of ground rocks that are
discarded during the beneficiation process of iron ore concentra-
tion. In rapidly developing countries like China, the generation
of IOTs has been increasing rapidly as a result of the growing
demand of iron and steel in recent years. For instance, the annual
generation of IOTs increased from 137 billion kg in 2000 to
536 billion kg in 2009, and the total accumulation of IOTs from
2000–2009 exceeded 2.8 trillion kg (Meng et al. 2011). In spite
of such a huge amount of IOTs stockpiled as waste, the current
utilization rate of IOTs in China is less than 10% [Ministry of
Industry and Information Technology of the People’s Republic
of China (MIITPRC) 2013]. Such underutilization of a natural
resource (i.e., IOTs) not only places a heavy economic burden
of waste management on the mining industry but also brings about
severe environmental problems and security risks (tailings dam
failure) in the mining regions.

With the recent push for sustainable development, the compre-
hensive utilization of IOTs has received increasing attention
all over the world. Currently, the major utilization of IOTs includes
land reclamation (Maiti et al. 2005), reextraction of iron or

other metals (Li et al. 2010; Sirkeci et al. 2006), and use as raw
ingredients in producing infrastructure materials, backfilling
materials, and fertilizers (Zhang et al. 2006; Zhu et al. 2011).
The utilization of IOTs as a raw ingredient in the production of
infrastructure materials is the focus of this paper. Past studies have
reported several ways to utilize IOTs as additives in clinker (Wang
and Wu 2000) and concrete (Zheng et al. 2010), as replacement of
sand in concrete (Cai et al. 2009), as siliceous materials in ceramics
(Liu et al. 2009; Das et al. 2000) and autoclaved aerated concrete
(Li et al. 2011). The use of IOTs in the production of infrastructure
materials promotes the sustainability of the mining industry and
simultaneously enhances the greenness of the construction industry
by reducing the demand for virgin materials.

Concrete is the most widely used infrastructure material on
Earth, requiring tremendous amounts of raw materials that are often
mined from natural landscapes. Worldwide, concrete production
amounts to over 12 trillion kg per year (Van Oss and Padovani
2002) for new construction and repair. The production of each
ton of concrete with a compressive strength of 35 MPa generates
about 313 m3 of CO2 (Marceau et al. 2007), which is primarily
associated with cement production. Globally, it is estimated that
cement production alone is responsible for about 5% of anthropo-
genic CO2 emissions (U.S. EPA 2000b). To promote the sustain-
ability of concrete, extensive efforts have been put into screening
suitable industrial byproducts to partially replace cement or
aggregate in concrete (Badur and Chaudhary 2008; Ramazan and
Rüstem 2006; Saikia and Brito 2012; Shi and Zheng 2007), thereby
reducing the need for natural resources. Whereas the substitution of
cement or aggregate by recycled materials in concrete improves
material greenness, it is also necessary to ensure material durability
in the use phase to attain true sustainability of concrete infrastruc-
ture (Keoleian et al. 2005b).

The durability of concrete is limited by its brittleness and crack
formation at low tensile stresses, which lead to infrastructure
deterioration problems (such as corrosion of reinforcing steel)
and failures. To reduce the cracking tendency of concrete, fiber
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reinforcement is typically introduced to alleviate its brittleness.
Engineered cementitious composites (ECCs) is a unique class of
high-performance fiber-reinforced cementitious composite that
has a tensile strain capacity 300–500× greater than normal concrete
and an intrinsically tight crack width (less than 100 μm) under large
deformation (Li 2003). Because of a high ductility and tight crack
width, ECC exhibits excellent durability properties leading to pro-
longed service life and reduced maintenance frequency with respect
to normal concrete (Li 2009b). The sustainability advantage of
ECC infrastructure with respect to conventional concrete infrastruc-
ture has been demonstrated quantitatively in a bridge deck joint
system through a lifecycle assessment of the economic and envi-
ronmental performance (Keoleian et al. 2005a). Compared with
conventional concrete joint systems, ECC joint system shows
30% savings in cost, 40% less energy consumption, and 39% less
CO2 emissions with respect to the entire bridge lifecycle (Keoleian
et al. 2005a). Whereas ductile ECC demonstrates significant
improvements in durability and infrastructure sustainability over
normal concrete, it uses about 2–3× more cement, leaving room
for further improvement in material greenness.

In a typical ECC mixture (ECC M45 in Wang and Li 2007),
cement is a major contributor to environmental impacts among
all ECC constituents (Fig. 1) and accounts for 48.2 and 81.6%
of total primary energy consumption and carbon dioxide emissions,
respectively. This is despite the use of a relatively large amount of
fly ash (1.2× that of cement). Therefore, reducing cement content
can effectively lower the carbon and energy footprints of ECC.

In this paper, ground IOTs are investigated as potential replace-
ment of cement in ECC mixture to enhance material greenness
and maintain the high tensile ductility and tight crack width of
ECC for long-term infrastructure sustainability. Experimental in-
vestigations focus on the characterization of ECC containing IOTs
in terms of compressive strength, tensile ductility, and crack width.
Material greenness is evaluated quantitatively by material sustain-
ability indicators (MSIs) (Li et al. 2004). Results of the mechanical
test and greenness evaluations of ECC with varying proportions of
IOTs are documented in this paper.

Experimental Program

Material Design Considerations

The use of IOTs in the development of a ductile composite is
guided by the micromechanics-based design theory of ECC (Li
and Leung 1992; Lin and Li 1997; Li 1997). This theory has been
successfully applied in the design of different kinds of ECC in

recent years (Kong et al. 2003; Wang and Li 2003; Kim et al. 2003;
Wang and Li 2006). According to micromechanics-based design
principles, the matrix fracture toughness of ECC has to be limited
such that multiple cracking and strain hardening occurs before the
tensile load reaches the fiber bridging capacity. Wang and Li (2007)
found that partially replacing cement with mineral admixtures
can effectively reduce the matrix fracture toughness, resulting in
enhanced tensile ductility of ECC, as explained by the underlying
micromechanics (Li 1997). The primary reason that underlies such
successful approach is that the reactivity of mineral admixtures is
less than that of cement. IOTs are ground natural rocks containing
minerals with crystalline structure and are therefore expected to im-
part an inert property or low reactivity at ambient temperature when
incorporated in cement-based materials. Hence, IOTs with reduced
reactivity were adopted in this study to reduce the matrix fracture
toughness for achieving desirable composite ductility guided by the
micromechanics-based design principles of ECC.

A ground granulated blast furnace slag (BFS), instead of fly ash
in ECCM45, was adopted as a mineral admixture in the mix design
of green ECC containing IOTs. Both fly ash and BFS are industrial
byproducts and are widely used as supplementary mineral admix-
tures in modern concrete or mortar. Typically, BFS with both
cementitious and pozzolanic properties exhibits relatively higher
reactivity than fly ash with only a pozzolanic property (Slag 2002).
For maximizing the IOTs content in green ECC, commercially
available ASTM-Grade 120 BFS (ASTM C989 2010) with rela-
tively high reactivity (compared with fly ash) was strategically used
to compensate for the potential loss of compressive strength of
green ECC as a result of the reduced reactivity of the IOTs (com-
pared with portland cement).

Materials

The materials used for making green ECC in this study include
IOTs, Type I ordinary portland cement (PC, ASTM C150/C150M
2012a), BFS, silica sand, polyvinyl alcohol (PVA) fiber, water, and
a high-range water-reducing admixture (HRWRA). The BFS is
ASTM-Grade 120 slag and has a Blaine fineness of 550 m2=kg.
The silica sand used in this study has a mean size of 110 μm
and maximum size of 250 μm. All of the green ECC in this study
used PVA fibers with diameters of 39 μm and lengths of 8 mm.
In addition, these fibers have a thin oil coating (10–100 nm) of
1.2% by weight on the surface to control the interfacial bond prop-
erties. The nominal tensile strength, elastic modulus, and maximum
elongation of the PVA fibers are 1620 MPa, 42.8 GPa, and 6%,
respectively.

Fig. 1. Contributions of individual components in typical ECC M45 to MSIs (fly ash in ECC M45 is assumed to not contribute to carbon and energy
footprints)
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In this paper, IOTs were ground into fine powder with the
particle size distributions given in Fig. 2 as determined using laser
diffraction analysis (Kiattikomol et al. 2000). The mean size of
the IOTs is approximately 5 μm and 90% of particles are less than
40 μm. The IOTs have a Blaine fineness of 750 m2=kg. For com-
parison, the typical particle size distribution of Type I portland ce-
ment is also included in Fig. 2. Chemical analysis (Table 1)
indicates that IOTs are primarily comprised of silica with alumina
and iron oxide. The mineral phases of IOTs were identified using
the X-ray diffraction (XRD) technique, which showed that quartz
is the major phase and amphibole and feldspar are minor phases
(Fig. 3). Therefore, the finely ground IOTs can be regarded as ultra-
fine quartz powder to some extent. Recent research (Kronlof 1994;
Benezet and Benhassaine 1999; Lawrence et al. 2003) has found
that quartz powder with a particle size of a few tens of microns
or less exhibits the following three functions when incorporated
in cement based materials: (1) increasing the packing density,
(2) serving as nucleation sites to facilitate cement hydration, and
(3) contributing to the long-term strength development through
partial pozzolanic reactivity. Therefore, the ground IOTs used in
this study may serve two purposes. The relatively large and inert

particles of IOTs compared with cement reduce the matrix fracture
toughness and the ultrafine IOTs particles are expected to improve
fiber/matrix interfacial properties as a result of these three effects
noted previously, which contributes towards enhancing composite
mechanical behavior.

Concentration of inorganic contaminants including As, Ba, Cd,
Cr, Pb, Se, Ag, and Hg in the IOTs were examined to ensure that the
IOTs were nonhazardous before using it in the production of a
potential infrastructure material. These elements are identified
by the U.S. EPA as inorganic analytes and their concentration
should be measured to determine whether a waste is hazardous
(U.S. EPA 2000b). As the IOTs used in this paper are the tailings
separated from magnetite ore through only magnetic separation,
indicating that there are no organic agents employed, there is no
need to investigate the organic toxicity.

The inductively coupled plasma atomic emission spectroscopy
(ICP-AES) technique was used to analyze the total concentration of
As, Ba, Cd, Cr, Pb, Se, and Ag in IOTs. A fluorescence spectro-
photometer was used to detect the total concentration of Hg. The
test results are listed in Table 2 along with the regulatory limits
specified by the U.S. EPA. The regulatory limits represent the
maximum allowable concentration in a leachate obtained during
the toxicity characteristic leaching procedure (TCLP), as prescribed
by the U.S. EPA. If the waste is total solid, the U.S. EPA allows for
an analysis of the total concentration of concerned chemicals and
then dividing the total concentration measurements by 20 to obtain
the theoretical maximum leachable concentration. The factor of 20
is derived from the 20∶1 liquid-to-solid ratio employed in the TCLP.
Both the total concentration and calculated maximum leachable
concentration of IOTs are listed in Table 2. Table 2 indicates that
all of the inorganic contaminants exhibit concentrations well below
the regulatory limits; therefore, the IOTs used in this study can be
considered as nonhazardous industrial waste.

Mixture Proportions

Table 3 shows the mixture proportions of all the ECCs investigated
in this study. Using ECC M45 as a template for the new mixtures,
silica sand/powder (cement, IOTs, and BFS) and water/powder
ratios were set at 0.36 and 0.27, respectively. The HRWRA content
was varied between different mixtures to achieve the viscosity re-
quired for homogenous fiber dispersion. Viscosity was indirectly
measured using the Marsh cone flow test and the targeted flow time
of the fresh matrix mixture (ECC without the fiber) was 25–35 s, as
recommended by Li (2009a). The fiber volume fraction was fixed
at 2% for all of the mixes. The mixtures M1–3 were designed to
investigate the effect of different amounts of cement replacement
by IOTon the mechanical properties of ECC. In the control mixture

Fig. 2. Particle size distribution of IOTs and cement; data for portland
cement adapted from Kiattikomol et al. (2000)

Table 1. Chemical Composition of Iron Ore Tailings in Units of Weight
Percent

SiO2 CaO Al2O3 MgO Fe2O3 Na2O K2O SO3 Loss

69.52 4.14 7.44 3.72 8.13 1.38 1.97 0.03 2.51

Fig. 3. X-ray diffraction pattern of IOTs

Table 2. IOTs Contaminant Concerns

Contaminant

Regulatory
level

(mg=L)

Concentration of contaminants in IOTs

Total
concentration
(mg=kg)

Maximum leachable
concentration

(mg=L)

As 5 N/A N/A
Ba 100 0.97 0.05
Cd 1 0.05 0.0025
Cr 5 1.56 0.08
Pb 5 1.28 0.06
Hg 0.2 0.04 0.002
Se 1 N/A N/A
Ag 5 0.37 0.02

Note: N/A = not available.
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M1, the ratio of BFS to cement was set at 1.2, adopted from the fly
ash to cement ratio in typical ECC M45 (M1 and M45 have the
same mix design, except that the fly ash in M45 is replaced by
BFS). The cement was then replaced by IOTs at two different levels
(40 and 80%) in M2 and M3. Among mixtures M1–3, M2 shows
the highest tensile strain capacity, and therefore increased amounts
of IOTs are used to replace BFS in mixture M4 for maximizing
the material greenness. Finally, the possibility of further lowering
the cement content in mixture M4 was explored in mixture M5. The
overall objective of this mixture design strategy was to improve the
material greenness by reducing the cement content and increasing
the fraction of IOTs, and maintain the established tensile ductility
of ECC M45 as much as possible.

Specimen Preparation and Testing

All of the solid ingredients were first mixed without water for ap-
proximately 2–3 min at a low speed in a 3-L Hobart mixer. Water
and HRWRAwere then added and mixed for 1 min at a low speed
and for another 2 min at a high speed. After the matrix ingredients
were thoroughly mixed to achieve a fresh flowable state, the Marsh
cone flow time of the matrix was measured to ensure that the
viscosity was within the desired range for achieving good fiber
dispersion. Finally, fibers were added at a low speed and then
mixed with the matrix mixture at a high speed for 2 min. The mix-
ture was then cast into molds on a vibration table with a moderate
vibration rate. All of the specimens were demolded after 24 h and
then cured in a plastic bag at a room temperature of approximately
23! 3°C until the day of testing.

The mechanical properties for all of the ECC specimens were
tested at the age of 28 days. For each mixture, three 50-mm cube
specimens were prepared for the uniaxial compression test, and
three dogbone specimens were prepared for the uniaxial tensile test.
The geometry of dogbone specimen can be found in Ranade et al.
(2011). The uniaxial tensile test was conducted on a displacement
controlled test system that had a loading rate of 0.5 mm=min. Two
linear variable differential transformers (LVDTs) were attached on
the specimen with a gauge length of approximately 100 mm to
measure the tensile extension. The residual crack width in dogbone
specimens was measured after unloading using a portable micro-
scope as described in Li and Li (2009).

To gain further insights into the effects of binder modification
on the tensile response of ECC, the matrix fracture toughness of all
mixtures was tested in accordance with ASTM E399 (ASTM
2012b). Although this standard, based on the linear elastic fracture
mechanics (LEFM) approach, is meant for metal testing, it is appli-
cable for testing brittle mortar matrices, attributable to small-scale
yielding near the crack tip (Li et al. 1995). Four notched beam spec-
imens measuring 305 mm in length, 76 mm in height, and 38 mm in
thickness were cast without adding fibers. The span length is
254 mm and the notch depth to beam height ratio was 0.4.

Experimental Results and Discussion

Uniaxial Tensile Performance

Table 4 summarizes the uniaxial tensile test results in terms of first
cracking strength, ultimate tensile strength, tensile strain capacity,
and residual crack width of mixtures M1–5 at the age of 28 days.
Each data is an average of three test results. Fig. 4 presents
complete tensile stress-strain curves of these composites. All of
the mixtures M1–5 exhibit strain-hardening behavior with tensile
strain capacities ranging from 1.8–3.3%, approximately 180–300×
the ductility of normal concrete. The first cracking strength and
ultimate tensile strength of mixtures M1–5 vary from 3.8–
5.1 MPa and from 5.1–6.1 MPa, respectively, which are slightly
greater than those of typical ECC M45 (Wang and Li 2007).

According to the micromechanics-based design theory of ECC,
there are two necessary conditions that must be satisfied for achiev-
ing strain hardening (Li and Leung 1992; Li 1997). The first con-
dition requires that the fiber-bridging capacity (σ0) must be greater
than the cracking strength (σcr) on any given crack plane. The sec-
ond condition requires that the crack tip toughness (Jtip) be less
than the complementary energy (J 0

b) of fiber-bridging. Large mar-
gins between σ0 and σcr, and between Jtip and J 0

b are both desirable
for increasing the potential for saturated multiple cracking, result-
ing in consistently high tensile ductility of ECC (Kanda and Li
2006). Reducing the Jtip value can be achieved by reducing the
matrix fracture toughness and increasing the σ0 value can be
achieved by controlling the fiber/matrix interfacial properties.

For mixtures M1–3, as the replacement of cement with IOTs
increases, the tensile strain capacity first increases from M1—M2
and then decreases from M2—M3. However, the tensile strain
capacity of mixture M3 (the least of them all) still exceeds 2%
at cement contents as little as 117.2 kg=cm3, which accounts for
only approximately 7% of the total solid matrix materials. This ce-
ment content is even less than that typically used in normal concrete
that has a compressive strength greater than 30 MPa. The improve-
ment in the tensile strain capacity of mixture M2 as compared with
M1 can be attributed to the reduction of the matrix fracture tough-
ness (Fig. 5) because of the replacement of cement by IOTs. The
reduction of matrix fracture toughness is primarily caused by the

Table 3. Mixture Proportions of ECCs

Mix ID

Cement
replacement

(%)

Cement IOTs BFS Silica sand HRWRA /power Matrix

Weight
proportion

(%) kg=m3

Weight
proportion

(%) kg=m3

Weight
proportion

(%) kg=m3 kg=m3

Weight
proportion

(%)

Marsh
cone flow
time (s)

M1 0 1.0 593.3 0 0 1.2 711.9 469.9 0.42 28
M2 40 0.6 350.2 0.4 233.5 1.2 700.5 462.3 0.46 33
M3 80 0.2 117.2 0.8 468.6 1.2 703.3 464.1 0.44 25
M4 — 0.6 348.9 1.2 697.9 0.4 232.6 460.6 0.48 30
M5 — 0.4 254.7 1.2 764.1 0.4 254.7 458.5 0.45 33

Table 4. Tensile Properties of ECCs at 28 Days

Mix ID

First cracking
strength
(MPa)

Tensile
strength
(MPa)

Tensile
strain
(%)

Approximate
residual crack
width (μm)

M1 5.1! 0.6 6.1! 0.2 1.8! 0.7 36
M2 4.4! 0.2 6.0! 0.2 3.1! 0.5 31
M3 4.7! 0.4 5.3! 0.3 2.3! 0.7 23
M4 3.9! 0.2 5.5! 0.1 3.3! 0.1 27
M5 3.8! 0.1 5.1! 0.5 3.3! 0.5 30
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relatively inert IOT particles with crystalline structure as the bond
between IOT and cementitious particles (cement or BFS) is weaker
than that between the particles of cementitious materials. However,
excessive cement replacement by IOTs lowers the fiber-bridging
capacity σ0 as indicated by the decrease in the ultimate tensile
strength of mixture M3 (Table 4), which reduces the margin
between σcr and σ0, leading to a reduction and less consistency

in tensile ductility. The decrease in fiber bridging capacity in
M3 compared with M2 can be attributed to a weaker fiber/matrix
interfacial bond caused by the reduction of strong hydration prod-
ucts. To confirm the influence of IOTs replacement with cement on
the fiber/matrix interface properties in terms of frictional and
chemical bonds, a micromechanical study through a single-fiber
pullout test is further needed. Nevertheless, the current study
successfully demonstrates the feasibility of green ECC with con-
sistently high tensile ductility by controlling the amount of IOTs
that replace the cement.

Compared with mixture M2, mixture M4 shows a slight increase
in tensile ductility with improved consistency in mechanical
properties. With a moderate cement content of 348.9 kg=m3, the
high replacement of BFS by IOTs in M4 improves its tensile duc-
tility. This is attributable to further reduction of matrix fracture
toughness (Fig. 5) in M4. The lesser cement content in M5 com-
pared with M4 does not cause a significant reduction in average
tensile ductility; however, it shows a relatively larger variation.
In spite of the high usage of IOTs in M5 that has a cement content
of only 254.7 kg=m3, it still achieves a tensile ductility of at least
2.7%. As the decrease in cement content in mixture M5 negatively
influences the tensile performance, further reduction of cement
content was not explored in this paper. From the test results of mix-
tures M4–5, it can be concluded that highly ductile BFS-based
ECC-containing IOT as much as 697.9–764.1 kg=m3, which

Fig. 4. Tensile stress-strain curves of ECC mixtures at 28 days (three repeated tests were conducted for each mix design)

Fig. 5. Matrix fracture toughness of mixtures M1–5
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constitutes more than 50% of the total solid powder materials of the
ECC matrix, can be achieved.

The first cracking strength under tension of mixtures M1–3 first
decreases and then increases. From Irwin’s fracture criterion, the
matrix cracking strength is influenced by both matrix fracture
toughness and the largest flaw size (Li et al. 1995). The test results
(Fig. 5) indicate that increasing replacement of cement by IOTs
from M1—M3 causes a reduction in the matrix fracture toughness.
The first crack strength is proportional to the matrix fracture tough-
ness and is therefore expected to reduce with increasing cement
replacement from M1—M3, provided that the maximum flaw size
is similar in these composites. Hence, the observed increase in first
crack strength from M2—M3 might be caused by the reduction in
maximum flaw size. This is further supported by the Marsh cone
flow test as the flow time of the fresh matrix mixture of M3 is less
than that of mixtures M1–2 (see Table 3). The reduced flow time of
M3 indicates lower viscosity and higher flowability, thus resulting
in smaller maximum flaw size. As a result, the first cracking
strength of mixture M3 is higher than M2 in spite of the lower ma-
trix fracture toughness of M3 compared with M2. Both mixtures
M4 and M5 exhibit reduced first crack strength as the content
of cementitious material decreases, which is consistent with the
trend of matrix fracture toughness (see Fig. 5). Thus, incorporation
of IOT in ECC generally reduces the first cracking strength of ECC
as a result of the decreasing matrix fracture toughness; however, the
ECC M5 with the highest IOTs content of 764.1 kg=m3 still
achieves a first cracking strength of 3.8 MPa.

The average residual crack width of mixtures M1–5 ranges from
23–36 μm (Table 4). Fig. 6 shows the crack pattern of mixture M5
after unloading. It clearly shows the multiple-cracking behavior of
green ECC with a narrow crack spacing of 2–3mm. Because of the
elastic recovery of the fibers bridging the matrix cracks, the residual
crack width measured after unloading is less than that under loaded
state. The average crack width under load is typically about twice
that of the average residual crack width (Yang et al. 2007). Accord-
ingly, the average crack width under load of mixtures M1–5 is ap-
proximately 46–72 μm. Such a tight crack width implies superior
durability of green ECC over cracked brittle concrete with crack
width at the scale of several hundred microns to a few millimeters.

Material Greenness Evaluation

Material greenness of ECC is quantified by MSIs, which account
for the primary energy consumption and carbon dioxide emissions
generated in the production of all the material components per unit
volume of composites. The MSI source for BFS is Marceau and
VanGeem (2003). All other data for MSIs calculation is originally
from the sources listed in Table 5 compiled by Kendall et al. (2008).
In the case of IOTs, the only significant contribution to MSI comes
from the process of grinding larger IOT particles into the powder
form that was used in this paper. However, there is no data available
in the literature for primary energy consumption and carbon diox-
ide emissions during the grinding process. In this paper, the MSIs
of IOTs per unit mass are conservatively estimated to be the same as
commercial BFS. This estimation is made based on a study on the
grindability of high-quartz IOTs in comparison to blast furnace slag
(Huang et al. 2010). The MSI of ECC is computed by aggregating
the MSI of IOTs and other components used per unit volume of
ECC, which forms an effective and convenient tool to compare
the material environmental impact of ECC comprised of different
component materials.

Fig. 7 is a plot of the MSIs of ECC M1–5 against tensile strain
capacity. Contrary to common opinion, Fig. 7 shows that reducing
the MSIs does not necessarily compromise the tensile performance
of ECC. The tensile ductility of green ECC-containing IOTs is
maintained or even improved through the application of the micro-
mechanics theory for designing these materials. MSIs of mixtures
M1–5 and normal concrete (35 MPa) (see Fig. 8) are normalized
with respect to typical ECC M45 for comparison purposes. The
mixture M1 shows higher MSIs than ECC M45. This is reasonable
as BFS (which replaces fly ash that is typically used in ECC M45)
used in mixture M1 consumes additional energy for grinding as
compared with fly ash which does not require extensive processing.
Mixtures M2–5, which contain IOTs, demonstrate 10–32% less

Fig. 6. Crack pattern of ECC M5

Table 5. Sources for MSIs

Material Source of MSI information

Cement Portland Cement Association (Nisbet et al. 2002) and Ecobilan (Ecobilan 2001) cement data
Sand Portland Cement Association (Nisbet et al. 2002), adjusted with electricity and fuel (EPA 2000a) from Ecobilan

(2001) and equipment emissions from U. S. EPA’s (2000a) Nonroad
Polyvinyl alcohol fiber Industry source and polyethylene data from Association of Plastic Manufacturers in Europe (Bousted 1999)
High-rate water reducer
admixture, polycarboxylated
polymer-based

Acrylonitrile MSIs dataset from the Association of European Plastic Manufacturers (Bousted 2005) used as a
surrogate (this data set is considered a lower bound for polycarboxylated polymer MSIs)

Note: Data adapted from Kendall et al. (2008).

Fig. 7. MSIs of ECC M1–5 as a function of tensile strain
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energy consumption and 29–63% less carbon dioxide emissions
with respect to ECC M45, resulting in greener ECC materials.

Compared with normal concrete, ECC mixtures M3 and M5
generate a lesser amount of carbon dioxide, whereas all of the
ECC mixtures M1–5 still consume more energy than normal
concrete. This is not surprising because a large amount of energy
consumed in the production of ECC raw materials comes from the
highly energy-intensive PVA fibers (Fig. 1). Even though the con-
tent of PVA fibers is optimized with a volume fraction of only 2%,
the associated primary energy consumption is approximately 46%
of the total energy consumption of all the ECC constituents. It is
necessary to reduce the environmental impact of fiber reinforce-
ment in the future for achieving further improvements in material
greenness. Except for the greater energy consumption of green
ECC than normal concrete, green ECC with cementitious materials
(cement and BFS) replaced by IOTexhibit improved environmental
performance as compared with typical ECC M45 and normal con-
crete. This is in addition to the large amount of industrial waste
recycled into the green ECC. Thus, a low environmental impact
(measured by MSIs) and high tensile ductility of green ECC can
be simultaneously obtained through the incorporation of IOTs.

Compressive Strength

Fig. 9 summarizes the average compressive strength test results of
mixtures M1–5 at 28 days. Each data is an average of three test
results. All of the ECC mixtures exhibit a compressive strength that
is greater than 46 MPa. For the mixtures M1–3, replacement of the
cement by IOTs reduces the compressive strength. This is a result

of the decreasing amount of hydration products, which is attribut-
able to the reduction of cement content. The compressive strength
of mixture M3, which contains cement as little as 117.2 kg=m3,
reaches approximately 50 MPa (the same as high-strength con-
cretes). The moderately high compressive strength of ECC M3 is
likely attributable to the incorporation of highly reactive BFS and
IOTs with a large amount of ultrafine particles with diameters under
10 microns. These ultrafine particles in IOTs not only serve as filler
materials in elevating the compactness of the matrix but also
as nucleation sites in accelerating the rate of cement hydration
(Kronlof 1994; Lawrence et al. 2003). Both effects are beneficial
for maintaining the compressive properties of ECC with a high con-
tent of IOTs. In addition, ultrafine particles in IOTs may exhibit
partial pozzolanic activity beyond the age of 28 days (Guettala
and Mezghiche 2011), which is favorable for long-term strength
development.

Comparing mixture M4 with M2, the replacement of more
reactive BFS by relatively inert IOTs causes a reduction in com-
pressive strength as expected. The IOT and BFS content is further
increased in M5 to reduce cement in M4, bringing the IOT/all-solid
powder materials ratio up to 60%. In spite of such a high IOT
content, the compressive strength of the mixture M5 is 46 MPa.
Overall, the increase in the IOTs content leads to a decrease in com-
pressive strength when the replacement ratio of cementitious ma-
terials by IOTs exceeds 40% as studied in this paper; nevertheless,
the compressive strength of green ECC mixtures M2–5 that contain
IOTs is similar or close to that of high-strength concrete.

Conclusions

This paper demonstrates the feasibility of incorporating iron ore
tailings to develop green ECC, which not only maintains high-
tensile ductility characteristics but also greatly improves material
sustainability. Based on the results obtained, the following conclu-
sions can be drawn:
• Green ECC exhibits a tensile strain capacity of 2.3–3.3% and

tensile strength greater than 5.1 MPa in spite of large replace-
ments of cement by IOTs. The cement content of green ECC is
reduced to 117.2–350.2 kg=m3, which is close to or even less
than the cement content in ordinary concrete.

• The replacement of cement or BFS by less reactive IOTs in
ECC reduces the matrix fracture toughness. The reduction in
matrix toughness is conducive to achieving improved strain-
hardening and multiple cracking behavior of green ECC. To
fully understand the influence of IOTs on the overall mechanical
performance of green ECC, further research on the micrometer
scale is needed to investigate the influence of IOTs on the fiber/
matrix interface properties through single-fiber pullout tests.

• Increasing the replacement of cement or BFS beyond 40%
replacement ratio reduces the compressive strength of ECC.
However, with a cement content of only 117.2 kg=m3, the
28-days compressive strength of ECC that contain ultrafine
IOTs can still reach 50 MPa, which can fulfill the strength re-
quirements of many applications.

• MSI analysis shows that the addition of IOTs in the production
of ECC leads to enhancement of material greenness through re-
duction in the primary energy consumption and carbon dioxide
emissions. In this paper, the green ECC designed with a tensile
ductility of 2.3–3.3% and compressive strength of 46–57 MPa
demonstrate 10–32% less energy consumption and 29–63% less
carbon dioxide emissions with respect to typical ECC M45.
The newly developed green ECC is expected to improve infra-

structure sustainability through a combination of green material

Fig. 8. Comparisons of MSIs between ECC M45, mixtures M1–5, and
normal concrete (NC)

Fig. 9. Compressive strength of mixtures M1–5 at an age of 28 days
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constituents and high-tensile ductility. In addition, the successful
utilization of IOT in the development of high-performance infra-
structure materials provides great benefits in the sustainable devel-
opment of the mining industry.
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