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Abstract: Engineered cementitious composites (ECC) exhibit
behaviors of multiple cracking and strain-hardening com-
pared to ordinary concrete. However, the use of ultrafine
silica sand (S) to produce ECC results in increased cost and
environmental overload. This study was to develop an eco-
friendly and cheaper ECC by incorporating different repla-
cement ratios of industrial byproduct molybdenum tailings
(MT). The mechanical properties of ECC with MT were eval-
uated. Based on industrial computer technology, nuclear
magnetic resonance, and scanning electron microscope
techniques, the three-dimensional spatial distribution and
fluid distribution of pores and the microstructure of the
ECC were investigated, respectively. The mechanical proper-
ties of stirrup-confined ECC stub columns were also investi-
gated. Results indicated that the ECC incorporating 25% MT
exhibited the best mechanical properties, in which the ten-
sile strength (f) increased by 32.16% and exhibited well
strain-hardening behaviors. Under a 25% MT replacement
ratio, ECC had the lowest porosity and good interfacial transi-
tion zone, and bonding interface between polyvinyl alcohol
(PVA) fiber (PF) and matrix. Moreover, the stirrup-confined
ECC stub column with 25% MT can ensure better both the
peak stress (fz) and peak strain (g.). The assessment of
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environmental impact and cost further indicated that the
incorporation of MT to prepare ECC is a promising method.
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1 Introduction

Engineered cementitious composites (ECC), a kind of fiber-
reinforced cementitious composites, have ultra-high ten-
sile ductility and saturated multiple cracking behaviors
[1-3]. Generally, the deformability (tensile strain) of ECC
could reach 1-8%, which makes the application prospect of
ECC better than that of ordinary concrete. Moreover, the
raw material silica sand (S) used for ECC is more expensive
than that of river sand, which increases the production
cost of ECC [4]. Meanwhile, with the concept of green
building strongly promoted, clean development of high-
performance and eco-friendly ECC is a new direction for
the development of the construction industry.

To reduce the cost and achieve sustainable develop-
ment of ECC, some industrial wastes have been tried as raw
materials for the preparation of ECC [5,6]. For example, Xu
et al. [7,8] incorporated artificial geopolymer as aggregate
(GPA) to produce ECC and found that exhibit the cost-effi-
ciency and sustainability of GPA-ECC, which provided a
sustainable approach for enhancing the long-term tensile
performance of high-strength ECC based on artificial aggre-
gates. Zhang et al. [9] reported that when S was replaced by
crumb rubber, the ductility of ECC increased, but the
strength was reduced by about 35%. Li and Yang [10] found
that the ductility of ECC was improved by replacing S with
recycled fine aggregates of different particle sizes for the
preparation of ECC. Similarly, Huang et al. [11] prepared
ECC by incorporating iron ore tailings with different par-
ticle sizes as aggregate and reported that when the particle
size of iron ore tailings used was within a reasonable
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range, ECC could obtain the same mechanical properties as
conventional ECC. Turk and Demirhan [12] incorporated
100% limestone powder as aggregate to produce ECC and
found that the mechanical properties of ECC were enhanced.
Adesina and Das [4] incorporated glass with different repla-
cement levels as aggregate to produce ECC and found that
when S was replaced by glass aggregate, the mechanical
properties of ECC did not deteriorate, and the embodied
carbon and cost were reduced by 5.9 and 16.6%, respectively.
It was found that using industrial byproducts to produce
ECC can not only improve performance but also solve the
problem of waste disposal, reduce production costs, and
achieve cleaner production of ECC.

Molybdenum tailings (MT) are inevitable industrial
byproducts of raw ore refining [13] and are considered to
be one of the main pollution sources causing environ-
mental degradation [14,15]. It was reported that approxi-
mately 36 million tons of MT are discharged per year in
China [16], and the emissions from mine tailings in other
countries are increasing year by year [17-19]. A large
number of MT are treated by open-air stacking and land-
filling, which not only take up a lot of land but also result in
soil erosion, and air and water pollution [20-22]. Moreover,
there is a risk of mudslides caused by the failure of tailings
dams. Hence, the reuse of MT is very key to reducing
environmental pollution and the healthy development of
the mining industry [23,24].

Various methods of reuse of MT have been proposed to
prevent further environmental degradation, such as pro-
cessing glass ceramics [25], extraction of useful substances
again [26,27], growing plants through improvement [28],
and processing building materials [29,30]. It is worth noting
that with the rapid development of the construction industry,
the application of concrete and mortar can consume the lar-
gest amount of MT compared to other technologies of MT
reuse. Jung and Jeong [29] developed an admixture for
high-fluidity concrete by using MT powder and found that
MT powder as an admixture can effectively control the flow,
viscosity, and strength of high-fluidity concrete when the
amount of cement replaced by MT powder was 20%. Siddique
and Jang [13] investigated mortar mechanics and durability
by incorporating MT as filler material and found that the
properties of mortar were improved by mixing with MT,
which further confirmed that using MT to prepare building
material was a feasible solution for the reuse of MT. Quan
et al. [16] used MT as fine aggregate to prepare concrete and
found that incorporating 60% MT in concrete was the best
reuse option for developing green concrete. Similarly, Gao
and Guo [31] applied MT to concrete members and made a
comprehensive evaluation of stub columns of concrete-filled
steel tubes mixed with tailings. The study found that the
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resource utilization of MT in stub columns of concrete-filled
steel tubes had good environmental and cost benefits.
Previous studies found that using MT to prepare cemen-
titious composites is a good cleaner production method.
However, to date, there are still few studies about using MT
as a fine aggregate to prepare building materials. It is note-
worthy that studies on the preparation of ECC using MT have
not been found. Thus, to decrease the cost and carbon emis-
sion of ECC, and further expand the application of MT in
building materials, research on the reuse of MT in ECC is a
hot topic and has important environmental and cost benefits.
A comprehensive experimental study on the prepara-
tion of ECC using MT as an eco-friendly aggregate was
carried out from both mesoscopic and microscopic points
of view in this study. First, the crystal composition, micro-
scopic morphology, particle size, and radioactivity of MT
were characterized. The uniaxial tension performance,
flexural performance, and axial compressive performance
of ECC were measured. Additionally, nuclear magnetic reso-
nance (NMR) and industrial computer technology (CT) were
used to analyze the pore distribution of ECC to further
reveal the influence of MT on the pore structure, after which
the microstructure was analyzed using scanning electron
microscopy (SEM). Additionally, the stirrup-confined ECC
stub column under compression was also investigated.

2 Experimental details

2.1 Materials

The Ordinary Portland Cement (OPC) PO42.5R, silica fume
(SF), and first-grade FA as cementitious materials were
used. Table 1 provides the chemical composition of the
cementitious materials and fine aggregates.

Table 1: Chemical compositions of cementitious materials and fine
aggregate (wt%)

Cementitious materials Fine aggregates

OPC FA SF S MT
Ca0 60.73 3.66 0.44 0.49 4.2
Si0, 20.85 52.97 97.24 98.63 74.26
Al,05 4.92 29.96 0.19 0.47 5.22
Fe,03 3.59 7.98 0.05 0.49 11.89
MgO 2.87 1.52 0.7 0.14 2.88
SO3 2.33 0.65 0.78 0.08 0.24
Na,0 0.25 0.55 — — 0.22
K;0 0.46 118 0.93 0.08 1.01
TiO, 0.27 0.49 - — —
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Figure 1: XRD patterns of (a) MT and (b) S.

In this study, the MT from Shaanxi Province, China, and S
were used as an aggregate. The main crystal composition and
micromorphology of MT and S were determined by X-ray dif-
fraction (XRD) and SEM, as shown in Figures 1 and 2, respec-
tively. It was found from Figures 1 and 2 that the main crystal
composition of MT is similar to that of S, which is mainly
quartz, and the chemical activity was steady, but MT had
more angular surfaces than that of S. In addition, according
to the Chinese national standard GB14684-2011, the physical
properties of MT and S including apparent density, loose
bulk density, crushing index, and water absorption were tested
and summarized as listed in Table 2. It can be observed from
Table 2 that the crushing index of MT was 9.66% lower than
that of S, in which the main reason for this phenomenon is that
the particle size of MT is small (Figure 3).

The fiber used was polyvinyl alcohol (PVA) fiber (PF),
with its characteristic parameters, are shown in Table 3.

The HRB400 and HPB300 rebar is used for longitudinal
and stirrup, respectively. Based on the test standards, some
mechanical parameters were obtained by direct tensile
testing of the pre-rebar specimens, as shown in Table 4.

2.2 Mix proportions and specimen
preparation
2.2.1 Mix proportions

Limited literature had reported the use of MT in concrete
and mortar [32,33], and the maximum replacement ratio

was set to 100% [16]. However, there are few reports about
the utilization of MT in ECC. Thus, to investigate the influ-
ence of MT as an eco-friendly aggregate incorporated into
ECC and the optimal replacement ratio of MT, only the
replacement level of MT was changed. The MT replacement
ratio (replace by weight) was 0% (pure S), 25, 50, 75, and
100% (pure MT), respectively. The water/cementitious mate-
rials were 0.3, and the aggregate/cementitious materials
were 0.5. The volume content of PF was designed to be 2%
[11,34]. Five groups’ mixed proportions are listed in Table 5.

2.2.2 Specimen preparation

For the preparation of each ECC specimen, in step 1, all the
weighed solids were poured into the mixer for mixing, and
the mixing was 60s. In step 2, the water and superplasti-
cizer (SP) were added and stirred for 120 s. In step 3, the PF
was slowly added and stirred for 120 s. In step 4, the mix-
ture was put into a mold and vibrated in the 30s. After
consolidation, the molds were removed, and the specimens
were placed in the curing box for curing. Figure 4 presents
the specimen mixing process.

In this experiment, three parallel specimens for each group
were prepared for tests. The cubes specimens (100 mm x
100 mm x 100 mm) were prepared to test the cube compressive
strength (f.,). The ®100 mm (diameter) x 200 mm (high) cylin-
ders were prepared to test the axial compressive strength (f)
and elastic modulus (E). The dog-bone-shaped specimens and
300 mm (length) x 76 mm (width) x 13mm (thickness) thin
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Figure 2: Microscopic structure of MT and S: (a) MT, (b) SEM of MT (enlarged 500 times), (c) S and (d) SEM of S (enlarged 500 times).

slabs were prepared to test the tensile strength (f;) and flexural
strength (f, respectively.

The stirrup-confined ECC stub column with different
MT was prepared for testing the bearing capacity under axial
compression. The dimensions of the stub column are shown in
Figure 5. The designation and parameters including dimen-
sions, stirrup ratio of volume, stirrup spacing, and MT replace-
ment ratio of the stub column are listed in Table 6.

2.3 Test methods
2.3.1 ECC mechanical properties testing

Based on the guidance of ASTM E8 and JSCE 2008 universal
standards, the dog-bone-shaped specimen was reinforced

Table 2: Physical properties of MT and S
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Figure 3: Particle size curve of MT and S.

Apparent density (kg-m3)

Loose bulk density (kg-m~3)

Crushing index (%) Water absorption (%)

MT 2,734
S 2,756

1,897
1,844

14.86 0.88
16.45 -
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Table 3: Characteristic parameters of fiber
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Length (mm) Diameter (pm) Density(g-cm‘3)

Fracture elongation (%)

Tensile strength (MPa) Modulus of elasticity (GPa)

PF 12 40 1.3 7 1,600 42
Table 4: Characteristic parameters of rebar
S
. . MT i i i i i
Diameter (mm) f, (MPa) f, (MPa) Elongation (%) Mz‘g‘;m Mgt)usre | Mllxzu(;;e
€ - w PF Poured into
HRB400 12 489 651 21 i p the mold
HPB300 6 453 536 24
SF Vibrate
Note: the f, and f,, present yield strength and tensile strength of rebar, -
respectively. Demolding
SKanqard after 24 hours
curing

with carbon fiber sheets outside the measuring area to
avoid stress concentration before the tensile test, as shown
in Figure 6. Then, the f; was investigated. The deformation
data were obtained by the extensometer, and the quasi-
static loading rate was set to 0.1 mm-min ",

The thin slabs were used for testing the f; in a 20 kN
compression machine by changing the chuck based on the
ASTM C 1609 M. The midspan deflection data were col-
lected by linear variable displacement transducer (LVDT).

According to the Chinese code GB/T 50081-2019, the f,,
fe, and E. of ECC were tested by a 1000 kN compression
machine. The deformation data under the axial compres-
sion were collected using two LVDTSs.

2.3.2 ECC pore structure testing

Industrial CT (MS-Voxel450, Tianjin, China) was used to
quantitatively evaluate the three-dimensional spatial pores
distribution of ECC. In the scanning CT experiment, the oper-
ating voltage, current, and exposure time were 380KV,
13mA, and 0.5s, respectively. The cube specimen was
scanned continuously along the cross section to a depth of

Table 5: Mix proportions (kg:m™)

of hardening

Figure 4: Specimen mixing process.

0.5 mm, and every 20 mm along the height of the specimen.
Finally, the 200 2D tomography CT images with 1,200 x 1,200
pixels resolution were acquired. The AVIZO 3D image pro-
cessing software was used to perform the 3D reconstruction
of pores by threshold segmentation.

The MacroMR12-150H-I NMR instrument was used to
test the T, spectrum and pore fluid distribution of ECC. The
magnetic field and frequency were selected at 0.5T and
50-60 Hz, respectively.

2.3.3 ECC micro-morphology testing

The specimen size was approximately 0.5cm x 0.5cm %
0.2 cm. Before gold spraying and vacuuming the sample,
the prepared samples were pretreated by being placed
in ethanol for 24 h and dried at 40°C for 24 h. Then, the
micromorphology test was conducted using the EVO-
10 SEM.

No. Fine aggregates Cementitious materials w SP PF Flow diameter (mm) 28 days f., (MPa)
S MT C FA SF

MTO 629 0 754.8 377.4 125.8 377 6.3 26 175 38.22

MT25 471.7 157.3 754.8 377.4 125.8 377 6.3 26 165 45.68

MT50 314.5 314.5 754.8 3774 125.8 377 6.3 26 160 42.81

MT75 157.3 a71.7 754.8 377.4 125.8 377 6.3 26 150 1.1

MT100 0 629 754.8 377.4 125.8 377 6.3 26 145 36.5

Nomenclature: using “MT25” as an example, MT denotes molybdenum tailing. The 25 denotes an MT replacement ratio of 25%.
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Figure 5: Dimensions of stub column: (a) elevation dimension and (b) cross-section dimension and strain gauge locations.

Table 6: Parameters of the column

No. Length x width x thickness (mm) Stirrup ratio of volume (%) Stirrup spacing (mm) MT replacement ratio (%)
CE-MTO 600 x 200 x 200 2.1 30 0
CE-MT25 600 x 200 x 200 2.1 30 25
CE-MT50 600 x 200 x 200 21 30 50
CE-MT75 600 x 200 x 200 21 30 75
CE-MT100 600 x 200 x 200 21 30 100

2.3.4 Stirrup-confined ECC stub column mechanical
properties testing

The ECC square section stub column was loaded on a 5000
kN compression machine, as shown in Figure 7. A mixed
loading method of force and displacement was used. At the
initial stage, the loading rate of 100 kN'min " was selected to
control loading. After the specimens reached the maximum
compressive load, the loading rate of 0.3mmmin" was
selected to control loading. The axial deformation of the
column was measured using two LVDTs laid on the side.
The peak stress of the column (f,.) was calculated by Eq. (1).

- Nu(€ee) = AcovTeov(Ecc) — AsTs(Ece)

, D
A- Acov - As

fee

where the Ay, As, and A present the area of concrete
cover, the cross-sectional area of longitudinal rebar, and
the cross-sectional area of the specimen, respectively;
the Ny(&cc), Ocor(€cc), and os(ecc) present the bearing capa-
city of the column, the stress of the concrete cover, and

longitudinal rebar when the axial compressive strain of
the column is &, respectively.

2.3.5 Environmental impact (EI) assessment

Based on the reliability and applicability of the life cycle
assessment (LCA), this method is recommended to quanti-
tatively assess the EI of a product [35,36]. According to ISO
14040 and ISO 14044 standards, to complete an assessment
of the EI through the LCA, it is necessary to define the goal
and functional units, create a life cycle inventory, and cal-
culate the EI categories.

Thus, this study was devoted to investigating the EI
(cradle-to-gate) of prepared ECC with different MT replace-
ment ratios at first. The defined functional unit is 1 m® of
ECC of a certain quality [37]. Then, the data relevant to the
production of ECC from the life cycle inventory process and
the LCA handbook were collected and calculated for the
different EI categories.
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Figure 7: Compressive test setup.

The EI of the ECC was evaluated by five internationally
recognized impact categories namely the photochemical
ozone creation potential (POCP), acidification potential
(AP), global warming potential (GWP), ozone depletion

Effect of molybdenum tailings aggregate on mechanical properties of ECC
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potential (ODP), and nitrification potential (NP) [38,39]. It
should be noted that the EIs of MT and S during collection
and transportation were not included in the life cycle ana-
lysis because both the MT plants and the sand plants are
similar in distance to the city.

2.3.6 Cost assessment

The economic benefits of ECC with different MT replace-
ment ratios were assessed by material costs.

3 Results and discussion

3.1 Uniaxial tension performance of ECC
3.1.1 Tensile stress-strain curves

The stress—strain curves of ECC under uniaxial tension are
presented in Figure 8. Compared with MTO, the MT
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incorporation did not change the shape of the stress—strain  Table 7: Tensile test results of ECC

curve of the ECC, which still contains three stages. The

elastic stage presents linear-elastic performance, and the No. First cracking f; (MPa) fe (MPa) & (%)

tension stress is mainly resisted by the matrix. The strain- ;7 2.52 (0.19) 3.46 (0.06) 1.89 (0.02)

hardening stage presents that deformation increases sig- mT25 3.26 (0.22) 5.10 (0.54) 2.58 (0.23)

nificantly, but only a small increase in tensile stress. The MT50 3.15(0.36) 4.55(0.38) 2.34(0.17)

strain-softening stage is mainly that the bonding stress MT/5 2.77(0.09) 4.01(0.24) 2.09(0.36)
MT100 1.98 (0.15) 2.81(0.04) 1.62 (0.24)

between the matrix and fiber resists the tensile stress,
and no new cracks are generated. The cracks generated
in the second stage widen with the decrease of the bonding
force and finally break with the main crack. By observing
the strain-hardening stage, it can be found that the strain-
hardening behaviors of MT25, MT50, and MT75 are more
significant than that of MTO, and the &, is more than 2%.
Similarly, Huang et al. [40] reported ECC preparation using
iron ore tailings also exhibits desirable strain-hardening
behavior.

3.1.2 Tensile tests results

Table 7 lists the average values of test results including first
cracking f;, fi, and tensile strain (gy). It found that the
incorporation of MT up to 75% is beneficial to enhancing
the tensile properties of ECC, and incorporating 25% MT is

Note: the values in parentheses represent the standard error.

the most significant improvement. The test results of three
characteristic points of MT25 including first cracking f, f;,
and &, increased by 22.69, 32.16, and 26.7%, respectively,
compared with MT0. The improvement of tensile proper-
ties is mainly because the fine MT particles than that of S
can effectively fill and refine the pores inside the matrix
[41] and at the interface of PF and matrix so that the matrix
density and bonding between the PF and the matrix will be
increased, which can effectively consume energy during
loading. Meanwhile, due to MT with more angular sur-
faces, this fact also facilitates the bonding between the
PF and the matrix, increasing the tensile properties. A
similar result is consistent with the previous study [42].
Unfortunately, when S is completely replaced by MT, the
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Figure 8: Stress-strain curve of ECC under uniaxial tension: (a) MTO, (b) MT25, (c) MT50, (d) MT75, (e) MT100 and (f) three-stages simplified model.
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tensile properties of MT100 is deteriorated, especially at
first cracking f;, which decreased by 21.42%. The decrease
in tensile properties is mainly due to poor gradation
increases in the porosity, resulting in deterioration of the
bonding between the matrix and PF. In addition, the
amount of cement slurry attached to the MT per unit
area is reduced, which weakens the bonding including
between matrix and aggregate (matrix and PF). This is
also confirmed in Sections 3.4 and 3.5. It can be observed
from the above research results incorporating 25% MT
could ensure high tensile properties, which further solidi-
fies that incorporation of MT to prepare ECC is a promising
clean production method.

3.2 Flexural performance of ECC
3.2.1 Load-deflection curves

Figure 9 presents the load—deflection curves of ECC under
flexural load. Similar to the tensile stress—strain curve, the
load-deflection curve also contains three parts (elastic
part, deflection-hardening part, and descending softening

Effect of molybdenum tailings aggregate on mechanical properties of ECC == 9

part). The area covered by the load—deflection curve of ECC
addition 25% MT is the largest, and the characteristic of
deflection-hardening is obvious. But, as the MT replacement
ratio increases, the area covered by the load-deflection
curve and characteristic of deflection-hardening gradually
deteriorated, especially at 100%, which is less than MTO.

3.2.2 Flexural tests results

Table 8 lists the test results of flexural properties. It was
found that the first cracking deflection of ECC fluctuates
without an obvious change in the law. The first cracking
deflection of ECC incorporating 100% MT is the largest. This
is because, when S is completely replaced by MT, the
overall stiffness of the ECC decreases. The ultimate deflec-
tion of the ECC initially increased and then decreased as
increasing MT replacement ratio, which is similar to the
changing trend of the tensile test results. The ultimate
deflection of ECC incorporating 25% MT has the most sig-
nificant, which increased by 43.28%, compared with MTO.
Similarly, MT25 has also the highest first cracking load and
fr, which increased by 19.43 and 19.79%, compared with
MTO, respectively. This is mainly related to the high
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Figure 9:

Load-deflection curve of ECC under flexural load: (a) MTO, (b) MT25, (c) MT50, (d) MT75, and (e) MT100.
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Table 8: Flexural test results of ECC

No. First cracking deflection (mm) First cracking load (.) Ultimate deflection (mm) Ultimate load (N) fr (MPa)
MTO 0.61 (0.06) 210.36 (17.65) 12.66 (0.89) 376.94 (4.22) 7.09 (0.08)
MT25 0.59 (0.02) 251.24 (11.22) 18.14 (1.78) 473.09 (11.25) 8.84 (0.29)
MT50 0.63 (0.03) 215.18 (9.49) 16.13 (2.63) 395.48 (7.78) 7.39 (0.18)
MT75 0.56 (0.03) 206.23 (23.54) 13.08 (2.04) 401.12 (5.33) 7.57 (0.11)
MT100 0.73 (0.09) 186.59 (27.18) 11.11 (1.56) 343.06 (6.56) 6.41 (0.15)

Note: the values in parentheses represent the standard error.

compactness and the good interaction between the PF and
the matrix of MT25. However, when the MT replacement
ratio is 100%, the first cracking load, ultimate deflection,
and f; of ECC are deteriorated and smaller than that of
MTO. Thus, ECC with 25-75% MT also has a favorable effect
on the improvement of flexural properties.

3.2.3 Flexural toughness evaluation

Toughness under flexural stress is also an important indi-
cator of material performance. At present, the evaluation
methods of flexural toughness of composite materials mainly
include JSCE-SF4, ASTM (1018, ASTM C 1609, RILEMT C162-
TDF, and CECS 13-2009, which define and evaluate flexural
toughness from different angles. However, of the many eva-
luation methods, the ASTM C1018 standard is an energy ratio
method, which has relatively clear physical significance and
is widely used. Based on the ASTM C1018 standard, this article
uses toughness indexes to evaluate the toughness of ECC.

According to the load—deflection curve, the toughness
index (I) can be calculated by the first crack deflection (6.)
in a specimen and its corresponding energy (the area
under the load—deflection curve), as shown in Eq. (2).

(m+1)éc
l, 2 P©as c

§
Im = A—OJ AO = OP((S)dé‘y

@

Table 9: Toughness indexes

No. Iio Iz Iso I,

MTO 11.12 (0.56) 33.28 (2.19) 45.94 (3.16)
MT25 13.15 (1.62) 42.36 (3.06) 61.5 (4.78) 79.25 (5.26)
MT50 11.85 (1.1) 37.78 (2.77) 55.8 (2.93) 57.65 (3.03)
MT75 12.13 (1.56) 34.56 (2.5) 50.12 (2.89)
MT100 10.55 (0.88) 32.19 (1.98) 40.69 (3.12)

Note: the values in parentheses represent the standard error; I, pre-
sents the toughness index under ultimate deflection.

where m presents the subscript of the I of different
grades; the §. presents the first cracking deflection; the
Ay presents the area surrounded by the 6. and the coor-
dinate axis.

According to the literature [43], the ratios of the area
under the corresponding curve of deformation under 5.56,
15.56,, 25.58., and deformation under peak load &, divided
by A, are taken as the toughness indexes, which were
denoted Ig, I30, Iso, and I, respectively. The calculated
flexural toughness index of ECC is summarized in Table 9.

It can be observed that toughness indexes of ECC with
different replacement ratios including Iy, Isg, Iso, and I,
were close to m, indicating that the toughness indexes of
ECC under the flexural load satisfied the requirements. The
toughness indexes of ECC incorporating 25-75% MT is
higher than that of MTO, especially at 25%. In addition, It
is worth noting that toughness indexes MT25 and MT50 have
longer sequences. This is because of notably increasing
bonding between the PF and the matrix due to the MT
good “fill effect,” and with more angular surfaces, the
bond failure of the specimen will not occur prematurely
during loading, showing a relatively obvious deflection
hardening behavior, resulting in MT25 and MT50 have a
remarkable flexural toughness. But up to 100% replacement
ratio harms its toughness indexes.

3.3 Axial compressive performance of ECC
3.3.1 Compressive stress-strain curves

Figure 10 presents the stress—strain curves of ECC under
axial compressive. Incorporating 25-75% MT could delay
the decrease of post-peak f, especially at 25%. In addition,
the Wy g5 of MT25, MT50, and MT75 is higher than that of
MTO0, which indicates that the specimens could consume
energy well. After the failure of all the specimens, there is
still a significant residual f.. Unfortunately, compared with
MTO, the post-peak f, of MT100 drops faster, and the resi-
dual f, is smaller.
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3.3.2 Axial compressive test results

Table 10 summarizes average values of f;, axial compres-
sive strain (gc), E., Woss, and residual f.. It can be
observed that when the replacement ratio of MT is less
than 25%, the f, of the ECC shows a change of increasing,
while after exceeding 25%, the f, of the ECC shows a gra-
dually decreasing trend. For example, compared with MTO,
the f, of MT25, MT50, and MT75 increased by 17.7, 12.22, and
8.54%, respectively. Similarly, this is mainly attributed to
the fine particle of MT being helpful to decrease the por-
osity, resulting in an increased f.. Second, the “fill effect” of
MT will result in the interfacial transition zone (ITZ)
between matrix and aggregate being more dense and
homogeneous and having no evident boundaries. Third,
notably increasing bonding between the PF and the matrix
due to MT with more angular surfaces, and “fill effect”
restricts the lateral deformation of the test blocks and makes
the whole test blocks be in a three-dimensional compression
state, to improve the f.. Similarly, the &, of MT25, MT50, and
MTY75 increased by 11.06, 8.58, and 8.81%, respectively. How-
ever, the f. and &, of the MT100 decreased by 2.96 and
8.06%. This is mainly related to the fact that when the MT
replacement ratio is 100%, the proportion of large-volume
pores and the total porosity within the matrix increase. The

Effect of molybdenum tailings aggregate on mechanical properties of ECC == 11

bond strength between aggregates (matrix and PF) has also
deteriorated.

It is worth noting that the E. of ECC incorporating MT
is higher than that of MTO0. For example, the E. of MT25,
MT50, MT75, and MT100 increased by 4.8, 3.96, 2.24, and
1.8%, compared with MTO, respectively. A similar finding
has been reported in past studies. Shettima et al. [44] also
reported the fact that with the increase of iron ore tailings
replacement level, the E. was increased.

3.4 Pore characteristics of ECC

3.4.1 Three-dimensional spatial pore distribution
from CT

Figure 11 shows the three-dimensional spatial pore distri-
bution of ECC. When replacing S with 25-75% MT, the
number of pores in MT25, MT50, and MT75 are lower
than that of MTO. The best uniformity of pores space dis-
tribution inside MT25.

According to the different volumes of the pores, the
pores can be divided into five ranges [45]. Figure 12 shows
the percentage of the different pores volumes in ECC. It can
be observed that the pores with volumes of 0-0.1 mm? are
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Figure 10: Stress-strain curve of ECC under axial compression: (a) MTO, (b) MT25, (c) MT50, (d) MT75, and (e) MT100.
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Table 10: Axial compressive test results of ECC

DE GRUYTER

No. fc (MPa) Ecr (%) E. (GPa) Wo.gss. Residual f. (MPa)
MTO 32.32 (0.28) 0.362 (0.17) 21.8 (0.19) 121.6 (0.21) 9.45 (0.33)
MT25 39.28 (0.09) 0.407 (0.20) 22.9 (0.02) 146.6 (0.34) 20.19 (0.46)
MT50 36.82 (0.11) 0.396 (0.08) 22.7 (0.07) 135.9 (0.28) 11.23 (0.19)
MT75 35.34 (0.33) 0.397 (0.53) 22.3(0.31) 133.2 (0.17) 11.67 (0.58)
MT100 31.39 (0.04) 0.335 (0.28) 22.2 (0.09) 93.8 (0.12) 6.96 (0.29)

Note: the values in parentheses represent the standard error; Wo gsy, is the area enclosed by stress-strain curves under axial compressive from the

origin to the f. dropping to 85%.

the most widely distributed. When S is completely replaced
by MT, the pore volumes of MT100 gradually increase. The
proportion of the pores with volumes 0.01-0.05, 0.05-0.1,
0.1-0.5, and >0.5 mm? are higher than that of others, espe-
cially volumes >0.5 mm?>,

3.4.2 T2 spectrum and pore fluid distribution from NMR

Figure 13(a) shows the pore structure of ECC and that each
T, spectrum curve includes the three peaks. Compared
with the second and third peaks, the intensity of the first
peak of the T, spectrum curve is significant, indicating that
the internal pores of the ECC are mainly micro-pores.
Figure 13(b) found that when replacing S with 25-75%
MT, the total porosity of MT25, MT50, and MT75 are
reduced by 33.1, 21.15, and 6.18%, respectively, indicating
that incorporating MT could effectively reduce the internal
pores, especially at 25%, which confirms the “filling effect”
of MT when incorporating a less than 75% MT. In addition,
this finding explains one of the reasons from a mesoscopic
point of view why the mechanical properties of MT25 are
better than that of other groups. Unfortunately, the total
porosity of MT100 with a 100% MT replacement ratio
increases more than that of MTO. This indicates that the
complete replacement of S by MT deteriorates the matrix
pore structure.
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Figure 12: Percentage of different volume pores.

It is well known that pore structure has a direct effect
on f, development. The concrete f., — porosity (P) model
has been established by some scholars. Figure 14 shows the
fitted results of the three models proposed in the literature
[46] including models Hasselman proposed, Schiller pro-
posed and Ryshkewitch proposed for f., — P, respectively.
It can be observed that the increase of porosity results in
the degradation of f,.

(b)

Figure 11: Three-dimensional spatial pores distribution: (a) MT0, (b) MT25, (c) MT50, (d) MT75, and (e) MT100.
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Figure 13: Pore structure of ECC with different MT replacement ratios. (a) T2 spectrum curve and (b) pore percentage.

Table 11 lists the errors between the calculation results
of each model and the test results. The calculation results of
the model proposed by Hasselman are lower, compared to
the test results. However, the errors between the calculation
results obtained by the model Schiller proposed and the test
results are the smallest, which shows a good application.

3.5 Microstructure of ECC from SEM

Figure 15 shows the microstructure of ECC. Figure 15(a)
shows that compared with MTO, the number of pores
and connected pores inside the MT25, MT50, and MT75 is
reduced, and the compactness of the microstructure of
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Figure 14: Relationship between f., and porosity.

three is in the following order from high to low: MT25 >
MT50 > MT75. However, when S is completely replaced by
MT, the number of connected pores and pores inside the
MT100 significantly increases, and the density of the matrix
is relatively loose, compared with MTO.

The ITZ between the matrix and aggregate is shown in
Figure 15(b). It is worth noting that as the MT replacement
ratio increases, the ITZ gaps increase gradually. Compared
with MTO, the ITZ gaps of the MT25, MT50, and MT75 are
relatively small, especially MT25, which ITZ is well devel-
oped, and there are no obvious boundaries. Unfortunately,
the ITZ gaps of MT100 are larger than that of MTO. Figure 15(c)
shows the bonding interface between PF and the matrix.
Similarly, it can be observed that incorporating up to 75%
MT has a positive effect on the bonding interface between
PF and the matrix. Under the 25% MT replacement ratio, PF is
the best embedded in the matrix. However, under the 100%
MT replacement ratio, the bonding interface MT100 is
smaller than that of MT0. The SEM analysis results
explain the high strength of MT25 from the microscopic
points of view. It can be observed from Figure 15(d)
found that the ultimate bonding failure occurs between
fiber and matrix under load.

Table 11: The errors between the calculation results of each model and
test results

Model Hasselman Schiller model Ryshkewitch
model model
Error -0.6 to -11.36 -3.55t0 1.48 -4.5t0 2.49

range (%)
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3.6 Axial compressive performance of
stirrup-confined ECC stub column

3.6.1 Failure phenomenon

Figure 16 presents the failure patterns of columns. Due to
the inhibition of PF, all the columns’ surfaces, except for
many intricate cracks, did not fall off. With the MT replace-
ment ratio increasing, the destruction of the columns seems
to be more serious. For example, the width of cracks in the
CE-MT25, CE-MT50, and CE-M T75 gradually increases, but
the width of the crack is still smaller than that of CE-MTO0.
However, the width and number of cracks in the CE-MT100
increased significantly, compared with CE-MTO.

DE GRUYTER

3.6.2 Axial force-strain relationship curve

Figure 17 presents the axial force—axial strain curve of the
column. The column cracking, the rising segment of the
curve, is not different by increasing the MT replacement
ratio. Meanwhile, the initial stiffness of the column incor-
porating up to 75% MT exhibited insignificant differences.
However, the initial stiffness of the column with 100% MT
is reduced, which is consistent with the reduction in the f;
of ECC. After reaching the peak stress, the curve enters the
descending section. It can be observed that the influence
of the MT replacement ratio on the descending segment of
the curve is significantly greater than that of the rising
segment. The descending section of the curve of the

(b)

(d)

Figure 15: Microstructure of ECC: (a) effect of MT replacement ratio on matrix, (b) effect of MT replacement ratio on ITZ, (c) effect of MT replacement

ratio on the bonding interface, and (d) debonding between PF and matrix.
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Figure 16: Failure patterns of columns: (a) CE-MTO, (b) CE-MT25, (c) CE-MT50, (d) CE-MT75, and (e) CE-MT100.

column with the higher ultimate bearing capacity is
steeper because the stirrups play the role of passive
restraint later. However, the descending section of the
column with the lower ultimate bearing capacity is flat.
This indicates that for ECC columns with low strength, the
stirrup can give full play to its restraint effect.

3.6.3 Axial compressive test results

Table 12 summarizes the main test results including Ny, fe.,
and & of the column under axial compression. When the MT
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Figure 17: Representative axial force-strain curve.

replacement ratio increases to 75%, both the f;. and & of the
column increase. For example, compared with CE-MTO, when
the MT replacement ratio is 25, 50, and 75%, respectively, the f..
of the column increased by 9.75, 6.39, and 1.33%, and its &
increased by 14.94, 9.76, and 3.89%. Furthermore, it is note-
worthy that the residual bearing capacity of CE-MT25, CE-
MT50, and CE-MT?75 is relatively high after the column failure.
This is mainly attributed to the combined effect of the lateral
restraint of the stirrup and the bridging restraint of the fibers.

3.7 EI of ECC

According to the literature and the material’s environ-
mental statements [47-51], the life cycle inventory analysis
of producing each ECC’s raw materials is summarized in
Table 13. Based on the fact that MT is an industrial by-
product and the discharge meets the relevant standards,
the emissions associated with MT production are not

Table 12: Axial compressive test results of the columns

No. Ny (kN) fec (MPa) £cc (%)
CE-MTO 2116.48 5433 0.74
CE-MT25 2371.34 60.2 0.87
CE-MT50 2274.34 58.04 0.82
CE-MT75 2125.78 55.06 0.77
CE-MT100 1964.43 50.25 0.73

where N, is the ultimate bearing capacity of the column under
compression.
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Table 13: LCA data of ECC raw materials
C FA SF s SP MT
GWP (kg COokg™) 0.691 0.35 12 1.02 x 1072 0.944 0
POCP (kg R11-kg™") 1.0x10™ 9.34 x 107 1.09 x 107 2.58 x107® 5.58 x 107 0
ODP (kg CoHakg™) 1.50 x 1078 6.67 x 107° 459 x 107® 210 x107° 329x107® 0
NP (kg POskg™) 12x107° 1.52x 107 548 x 107 3.00 x 107° 5.97 x 1073 0
AP (kg SO,'kg™) 8.30 x 107 2.67x1073 7.07 x 1073 7.54 x 107° 119 x 1072 0
- ODP, NP, and AP of the MT25 decreased by 12.7, 7.54, 21.54,
IC’OWP — ngs 0.7, and 12.39%, respectively, compared to the MTO. There-
Ug o ® .
o —+ MTS0 fore, the above results concluded that using MT as aggre-
. MT75 gate to prepare ECC is an ideal clean production method.
. [ ——MTI00
. 3.8 Cost assessment
/ POCP
4 The total cost of 1 m? of ECC is listed in Table 14. The cost of
' each material comes from the price of local suppliers in

NP oDP

Figure 18: EI of ECC with different MT replacement ratios.

considered. Moreover, the PF is also not considered due to the
uniform amount of fiber in all mixtures in the calculation.
To quantitatively evaluate the EI of the ECC with dif-
ferent replacement ratios, the EI of producing 1m? of ECC
is calculated, and obtained results are normalized based on
MTO, as shown in Figure 18. It is clear that the environ-
mental overload gradually decreases and the multi-defor-
mation line of IOTCC is closest to the origin with increasing
the replacement ratio of MT. For example, the GWP, POCP,

Table 14: Material cost (1 m°)

Xi’an, China. MT is provided free of charge as waste [52,53].
It can be seen from Table 14 that the total cost of ECC
decreases gradually with the increase of the MT replace-
ment ratio. The incorporation of MT is helpful to reduce
ECC costs and further promotes the sustainable application
of MT as eco-friendly material in construction products.

4 Conclusions

A comprehensive evaluation of the ECC with MT as aggre-
gate was conducted, which mainly included the mechanical
properties, pore distribution, and microstructure. Conclusions
were obtained as follows:

1) The chemical composition, physical properties, and radio-
activity of MT confirmed the feasibility to prepare ECC. As
the MT replacement ratio increases, the compressive, ten-
sile, and flexural properties of ECC initially increased and
then decreased. The ECC with 25% MT exhibited the best

No. Material cost ($ per kg) Total cost per m®
C FA SF S PF MT w SP
0.070 0.020 0.310 0.041 40.15 0.000 0.001 0.896

MTO 48.440 7.548 58.497 22.624 1043.9 0.000 0.377 5.071 1186.458

MT25 48.440 7.548 58.497 16.968 1043.9 0.000 0.377 5.098 1180.929

MT50 48.440 7.548 58.497 11.312 1043.9 0.000 0.377 5.080 1175.155

MT75 48.440 7.548 58.497 5.656 1043.9 0.000 0.377 5.116 1169.535

MT100 48.440 7.548 58.497 0.000 1043.9 0.000 0.377 5.161 1163.23
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mechanical properties. The f; of MT25 increased 32.16%,
compared with only S as aggregate.

2) The CT and NMR results found that when the MT repla-
cement ratio was less than 75%, the total porosity of ECC
was reduced and the number and volume of spatially dis-
tributed pores were also reduced, compared with MTO. The
ECC with 25% MT exhibits a better pore structure.

3) SEM micro morphology results indicated that ECC with 25%
MT exhibited good ITZ and bonding interface between PF
and matrix. The microstructure of ECC is relatively dense.

4) The axial compression results of the stirrup-confined
ECC stub column indicated that the f., €., and residual
N, of the column were improved by incorporating up to
75% MT. The stirrup-confined ECC stub column with
25% MT can ensure better mechanical properties.

5) Based on the assessment results of EI and cost, the
replacement of S by MT for ECC application reduced
the production EI and cost of ECC, especially with a
higher replacement ratio, which further solidifies the
argument that the incorporation of MT to prepare ECC
is a promising method.

It should be pointed out that the MT used in this article
is from a specific location (Shaanxi Province, China). There
are differences in the MT produced in different locations
(crystal composition, micromorphology, crushing index,
particle size, etc.). Therefore, some of the conclusions
obtained in this study may be different for ECC prepared
using MT from other locations. In future research, the ECC
prepared by MT from different locations should be system-
atically studied to gain a more in-depth understanding of
this environment-friendly material. In addition, further stu-
dies on structural members (beams, joints, and walls) are
conducted. The successful application of industrial bypro-
duct MT as eco-friendly materials will further promote the
sustainable development of the construction industry.
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