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ABSTRACT

To ensure ultra-high performance, in terms strength and durability, coarse aggregate is typically avoided in
UHPC (ultra-high performance concrete). Instead, very fine quartz sand is usually used as the only aggregate.
However, excessive extraction of sand from natural resources and its grinding and refining processes to prepare
very fine quartz-rich sand are not economically or environmentally lucrative. Limited number of studies sought
to address this concern, and very few of these studies investigated the use of mine tailings (quartz based tailings
and iron ore tailings) in UHPC as sand alternatives. In the present study, the possibility of utilizing gold mine
tailings, sourced from a gold mine in Western Australia (WA), as conventional quartz sand substitute in UHPC has
been investigated. Results suggest that UHPCs, made with up to 80% replacement of quartz sand by the tailings,
exhibit compressive strengths comparable to or higher than that of the UHPC with 100% quartz sand. 28-day
strength greater than 120 MPa is achievable up to 100% replacement. The water absorptions and the initial
rate of absorptions of UHPCs with tailings are generally lower than those of the UHPC without tailings. The
leachability of toxic metals from UHPC with up to 100% tailings content lies well below the regulatory
thresholds. The combined material and transportation cost of UHPC can be reduced by up to 33.1% replacing
quartz sand by the tailings, for construction near the mine site. The CO5 emission can be reduced by up to 12.1%.
In the area near the mine site, utilization of the tailings can economically and environmentally, as well as in
terms of durability, be a better option than quartz sand for construction works that require UHPC with 28-
strength in excess of 120 MPa.

1. Introduction

water absorption of UHPC, on the other hand, is typically less than 1.5%
(Scheydt and Miiller, 2012).

Compared to normal-strength concrete (NSC) or high-strength con-
crete (HSC), ultra-high performance concrete (UHPC) exhibits extraor-
dinary mechanical and durability performances. NSC exhibits
compressive strength in the range of 20-40 MPa. HSC can achieve
strength greater than 40 MPa but seldom greater than 100 MPa. Whereas
UHPC, according to a group of researchers, must exhibit a compressive
strength greater than 120 MPa (Huang et al., 2019), or greater than 150
MPa according to others (Courtial et al., 2013). The water absorption of
NSC is much higher than 3.5% (Neville, 2011), and the absorption of
HSC is usually in the range of 1.5%-3% (Nematollahi et al., 2011). The

Although UHPC exhibits outstanding mechanical and durability
performances, the material cost of UHPC is usually high compared with
NSC or HSC. Total exclusion of coarse aggregate and use of only very
fine high-quality quartz sand (maximum size < 600 pm, quartz content
> 95%) is one of the factors contributing to its high cost. This is because
the extraction, grinding, and refining processes of such fine and high-
quality aggregate are energy-intensive and expensive. Extraction and
grinding of quartz sand are also associated with several negative envi-
ronmental consequences. For instance, CO, emission, deforestation, loss
of biodiversity, soil degradation, lowering of water table, particulate
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matter air pollution, etc. (Gavriletea, 2017). According to the United
Nations Environment Programme (UNEP), the global sand extraction
rate is currently substantially higher than its natural replenishment rate,
as sand and gravel are the second most consumed natural resources after
water (UNEP, 2014). The global consumption of sand and gravel is
approximately 32-50 billion tonnes per year (Bendixen et al., 2019). A
number of studies were carried out to investigate the influences of
different by-product or waste based alternatives to conventional quartz
sand on the properties of UHPC. Jiao et al. (2020) used waste-glass sand
to produce UHPC. The 28-day compressive strength of the UHPC with
waste-glass sand was observed to increase by around 25% with respect
that of the UHPC with quartz sand. Yang et al. (2020) fully substituted
quartz sand by recycled rock dust to produce UHPC and observed an
increase of 9.5% in the compressive strength. Zhang et al. (2018) used
recycled fine aggregate from demolished concrete in UHPC and the
strength was found to decrease by 13.3% with respect to that of the
control.

In addition to the foregoing types of alternative aggregate, mine
tailings (by-products of mineral extraction processes) can potentially be
used as aggregates for UHPC production. The mining industry was
estimated to produce around 14 billion tonnes of tailings annually, and
the amount is increasing because of the increasing use of low-grade ores
to meet the global demand for valuable metals (Kinnunen et al., 2018).
Mine tailings are usually very fine (especially the ones from mines of
precious minerals like gold), due to the grinding of ore into fine particles
to extract the target metal (Dong et al., 2019). Because of this, quartz
based mine tailings have the potential to be utilized as aggregates and in
some cases as supplementary binders in UHPC without the requirement
of further grinding. Mine tailings often contain toxic heavy metals. The
dense micro-structure of UHPC is, however, supposed to restrict the
heavy metals from being leached out of the concrete (Pyo et al., 2018).
The use of tailings in UHPC may also address a number of concerns. For
instance, the hazards associated with the mismanagement of tailings can
be reduced (e.g., workers’ safety risk, chemical and toxic metal pollu-
tion, etc.), CO, emission associated with the extraction and grinding of
quartz sand can be decreased, natural sources of quartz sand can be
saved from being depleted to some extent, etc. (Ince, 2019).

As can be seen from Table 1, a number of studies were conducted to
investigate the influence of utilizing different types of tailings, as sand
substitutes, on the properties of NSC and HSC. Few studies can be found
in the literature which investigated the possibility of utilizing mine
tailings to substitute sand in UHPC. Zhao et al. (2014) and Zhu et al.
(2015) investigated the influence of replacing sand by iron ore tailings
on the properties of UHPC. The researchers concluded that full substi-
tution of sand by iron ore tailings reduces the strength of UHPC. How-
ever, Zhao et al. (2014) observed that up to 20% replacement, the
28-day strength of UHPC remained comparable to that of the UHPC
without iron ore tailings. Pyo et al. (2018) used a type of quartz-based
mine tailings to partially replace (30% by mass) quartz sand in UHPC,
and obtained strength comparable to that of the UHPC with 100% quartz
sand. Research addressing the influence of utilizing gold mine tailings,
as quartz sand alternative, on the properties of UHPC is scarce in the
literature.

In the present study, the possibility of using a type of gold mine
tailings as aggregate in UHPC was investigated. UHPC mixes were pre-
pared, replacing quartz sand by the tailings at different percentages (up
to 100% by mass). Mechanical properties such as compressive strength,
elastic modulus, splitting tensile strength, and durability properties such
as water absorption, initial rate of water absorption, carbonation resis-
tance were investigated for the prepared mixes. Leaching toxicity test
was conducted for each UHPC mix, to assess the leachability of the
heavy metals present in the tailings from the UHPC. Scanning electron
microscopy (SEM) was performed for selected UHPC mixes to under-
stand their macro-behaviours. Economic and ecological influences of
using the tailings in UHPC, as replacement of conventional quartz sand,
were also examined.
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2. Materials and methods
2.1. Materials

The gold mine tailings used in this study were sourced from a gold
mine site in Western Australia (WA). Due to a confidentiality agreement,
the exact location of the mine is not mentioned in the paper. The mine
will be termed as Mine 1 in the following discussion. Mining operation in
Mine 1 consists of open pit and underground mining. The ore processing
plant includes two process trains. Process routes include crushing,
milling, flotation, and cyanide leaching. Flotation tailings are thickened.
The cyanide in the tailings is recovered and recycled, and a WAD (weak
acid dissociable) cyanide level of less than 50 ppm is maintained before
discharging the tailings into the tailings storage facility. Further
degradation of the remaining cyanide is facilitated through sunlight
exposure (Logsdon et al., 1999). For this study, two tonnes of tailings
exposed to sun-drying for more than three years were harvested from an
old storage area. In the following discussion, the tailings will be termed
as WAGT1 (Western Australian Gold mine Tailings sourced from Mine
1). The composition of major elements in WAGT1, in terms of oxides, are
presented in Table 2. Table 2 also shows the concentrations of several
heavy elements (e.g., As, Pb, Zn, Cd, Cr, and Cu) in WAGT1. The
chemical properties presented in Table 2 are based on elemental con-
centrations measured using inductively coupled plasma - optical emis-
sion spectrometry (ICP-OES).

The cyanide concentration in the as-received WAGT1 was not
measured in the current study. However, the mining company, in charge
of WAGT1 management in Mine 1, is a signatory to the International
Cyanide Management Code; and it was confirmed by the company that
the cyanide concentration in the as-received WAGT1 was well below the
hazard level. Detailed investigation on the possibility of acid generation
from the sulphide minerals in WAGT1 was not conducted in the present
study. However, pH was measured for a mixture of 1 L of deionized
water and 60 g of as-received WAGT1. The mixture was stirred for half
an hour before measuring the pH. The pH of the mixture was found to be
9.37. The pH value indicates that the as-received WAGT1 were not
acidic.

Fig. 1 shows the scanning electron micrograph of WAGT1. Fig. 1 also
presents the X-ray diffraction (XRD) pattern of WAGT1 in the 20 range of
5-70°, recorded using a diffractometer with Cu K radiation (4 = 1.5404
A), 40 kV, and 40 mA at a rate of 2°/min. Quartz was found to be the
main crystalline phase from the XRD pattern of WAGT1. Peaks corre-
sponding to several other minerals like muscovite, albite, halite, and
polyhalite were also observed in their XRD pattern. It is worth noting
that these minerals are softer than quartz. On Mohs scale, quartz’s
hardness is 7. Mohs hardness is in the range of 2-2.5 for muscovite,
6-6.5 for albite, 2-2.5 for halite, and 2.5-3.5 for polyhalite.

The cement used in this study conforms to the requirements of ASTM
C150/C150M-16 Type I Portland cement (ASTM C150/C150M-16,
2016), silica fume conforms to AS/NZS 3582.3 amorphous silica
(AS/NZS 3582.3, 2016), and fly ash conforms to ASTM C618-19 Class-F
fly ash (ASTM C618-19, 2019). The quartz sand had a median diameter
(dso) of 237.3 pm and an absorption capacity of 0.38%. The chemical
and physical properties of the cement, silica fume, fly ash, and quartz
sand are presented in Table 2. It can be seen from Table 2 that the SiOq
content of the quartz sand was 99.8% and the SiO5 content of WAGT1
was 71.2%. This indicates that the quartz sand had higher quartz content
than that in WAGT]1. Fig. 2 shows the particle size distributions (PSD) of
all the solid materials. A polycarboxylate based high-range water
reducer (HRWR) with 36% solid content and a defoaming agent with
5.5% solid content were used as chemical admixtures.

2.2. Mix proportions

The mix proportions of the prepared UHPC mixes are summarized in
Table 3. Quartz sand was used as the aggregate in the control mix TO.
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Table 1
A review of mechanical properties of standard-cured” structural concretes/mortars incorporating different types of tailings as sand alternatives.
Concrete Reference Tailings Material Replacement, w/b Replacement fe,28-0» MPa
type . replaced % at maximum , ,
Location Type Maximum At 0% At maximum
fe28-a0 %
replacement replacement
(feo,28-0)

UHPC Pyoetal.  Sang-dong Quartz based Quartz sand 0,15, 30 0.17 15, 30 133" 132" 133"
(feo,28- (2018) mine, South tailings
a>120 Korea
MPa) Zhu et al. China Iron ore Quartz sand 0, 100 0.16 0 189°¢ 189°¢ 183¢

(2015) tailings

River sand 0, 100 100 183¢ 172¢ 183°
Zhao et al. China Iron ore River sand 0, 10, 20, 30, 0.16-0.20 20 139.2 138 97.2
(2014) tailings 40, 50, 100

VHSC/ Zhang Liaoning, Iron ore Manufactured 0, 20, 40, 60, 0.18 40 120 105 95
VHSM et al. China tailings sand 80, 100
(100 (2020a)

MPa <
feo,28.4 <
120
MPa)

HSC/HSM Gao et al. Shangluo, Molybdenum Sand 0, 25, 50, 100 0.42 0 55 55 48
(40 MPa  (2020) Shaanxi, tailings 0.31 0 61.5 61.5 55.5
< feo,28- China
4< 100 Li et al. Yaogou Iron ore River sand 0, 10, 20, 30, 0.40 30 52.2 42 37.5
MPa) (2020) pond, tailings 40, 50, 70, 100

Shaanxi,

China
Zhang Daye, Hubei, = Copper Manufactured 0, 20 0.32 0 59 59 57
et al. China tailings sand
(2020b)
Zhang Shangluo, Iron ore River sand 0, 100 0.35 100 62.4 60.4 62.4
et al. Shaanxi, tailings
(2020c¢) China
Xu et al. China Kaolin tailings River sand 0, 20, 40, 60, 0.50 60 58.6 57.5 52.8
(2018) 80, 100

NSC/NSM Protasio Germano Iron ore Quartz sand 0, 10, 20, 30 0.55 10 40.9 34.5 39.8
(20 MPa et al. dam, Minas tailings
< feo,28- (2021) Gerais,
a<40 Brazil
MPa) Liu et al. China Graphite River sand 0, 10, 20, 30, 0.52 10 42.2 36.9 28

(2020a) tailings 40, 50, 60, 70,
80, 90, 100
Fisonga Mindolo Copper Sand 0, 30, 50, 70, 0.48-0.53 30 35.6 33.8 25
(2019) dam, tailings 100
Copperbelt,
Zambia
Ince Lefke-Xeros, Gold mine Sand 0, 10, 20, 30 0.62 30 42 325 41.5
(2019) Cyprus tailings
Kathirvel Tamil Nadu, Graphite ore River sand 0, 10, 20, 30, 0.50 10 33.2 32.5 14.5
et al. India tailings 40, 50, 60, 70, 0.55 10 27 26.3 8
(2018) 80, 90, 100
Treated River sand 0, 10, 20, 30, 0.50 10 34.5 32.5 20.5
graphite ore 40, 50, 60, 70, 0.55 10 28 26.3 14.2
tailings 80, 90, 100
Gupta Khetri, Copper River sand 0, 10, 20, 30, 0.48-0.50 20 31.9 30.9 23.6
et al. Rajasthan, tailings 40, 50, 60, 70
(2017) India
Shettima Johor, Iron ore River sand 0, 25, 50, 75, 0.50 25 42.9 38.0 38.5
et al. Malaysia tailings 100
(2016)
Tian et al. Zibo, China Iron ore River sand 0, 25, 35, 45 0.55 35 39.5 38.7 36.8
(2016) tailings
Thomas Khetri, Copper River sand 0, 10, 20, 30, 0.40 10 41.5 35 36.5
et al. Rajasthan, tailings 40, 50, 60 0.45 20 39 37.5 33
(2013) India 0.50 30 37 31.5 325

UHPC = ultra-high performance concrete/composite, VHSC/VHSM = very-high-strength concrete/mortar, HSC/HSM = high-strength concrete/mortar, NSC/NSM = normal-strength
concrete/mortar, feo2s.¢ = 28-day compressive strength of control mix (mix with 0% tailings), fc 2s.¢ = 28-day compressive strength, w/b = water to binder ratio

@ Cured in water or in fog room at a relative humidity of 95% + 5%, and at a temperature of 24 °C + 6 °C.
b Air cured.
¢ Cured in hot water at 100 °C on second and third days.
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Table 2
Chemical and physical properties of solid materials.
Material WAGT1  Sand Cement  Silica Fly
fume ash
Major elements  Al,O3 9.36 0.017 3.18 0.13 23.93
(mass% of CaO 2.48 0.002 64.48 0.33 6.98
oxide) Fe,03 4.94 0.008 4.34 0.07 7.94
K20 1.62 0.003 0.35 0.54 1.02
MgO 1.23 0.003 1.46 0.71 1.27
MnO 0.079 0.001 0.120 0.008 0.104
NaO 2.22 0.003 0.14 0.29 0.38
P,05 0.058 0.00 0.228 0.129 0.535
SiOy 71.2 99.88 21.4 94.6 55.9
SO3 1.89% 0.00 2.93 0.07 0.30
TiO, 0.494 0.025 0.192 0.005 1.312
Loss on 4.06 0.05 1.15 3.1 1.71
ignition
Heavy Zn 151
elements in cd 0.9
WAGT1 (mg/  As 232
kg) Pb 12
Cu 397
dso (pm) 141.4 237.3 17.3 1.7 9.8
Specific gravity” 2.7 2.65 3.18 2.15 2.38

dso = median diameter

2 Sulphur (S) content in WAGT1 = 0.76%.
b As per manufacturer.

20% of the quartz sand was replaced by WAGT1 (by mass) to prepare
T20, 40% was replaced to prepare T40, 60% was replaced to prepare
T60, and 100% was replaced to prepare T100. The water to binder ratio
(w/b) of the mixes was kept constant at 0.182.

The combined PSD of the solid constituents of each mix is shown in
Fig. 3. The target combined PSD [modified Andreasen and Andersen
(A&A) model (Eq. (1))] is also shown in Fig. 3. The value of g in Eq. (1)
was selected to be 0.22, as suggested by previous studies for mixes with
high powder content (<250 pm) (Kim et al., 2016).

DT — Dminq

Dmaxq - Dminq (1)

p(D) =

D represents particle size (um), p(D) is cumulative percent finer than
size D, Dp, is the minimum size of particle (um), and Dp,x is the
maximum size of particle (pm).

The root-mean-square error (RMSE) and determination coefficient
(R?) between the target PSD curve and each combined PSD curve are
presented in Fig. 3. It can be seen that the RMSEs between the combined
PSDs of the mixes with WAGT1 and the target PSD were lower than that
between the combined PSD of TO and the target PSD. This indicates
better particle packing was achieved when WAGT1 were incorporated.
The lowest RMSE was observed for T60.
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2.3. Specimen preparation

For the preparation of each UHPC mix, dry constituents such as
cement, silica fume, fly ash, quartz sand, and/or WAGT1 were mixed
using a mixer for 3 min. After that, water, HRWR, and defoaming agent
were added to the dry mixture and mixed until the mixture became
flowable. 50 x 50 x 50 mm cube moulds were used to prepare the
specimens for compressive strength tests, 50 x 100 mm cylindrical
moulds for splitting tensile strength tests, and 100 x 100 x 100 mm cube
moulds for durability tests. The moulded specimens were vibrated for 1
min and then moved to a humidity- and temperature-controlled curing
room (95% relative humidity, 21 °C temperature). The specimens were
demoulded after 24 h. The mechanical test specimens were fully sub-
merged in water (21 °C) until the time of testing, while the durability
specimens were left inside the humidity-controlled curing room. After
28 days, the carbonation test specimens were kept in a CO3-controlled
chamber (60% relative humidity, 21 °C temperature) at an elevated CO4
concentration of 10,000 ppm for 56 days.

2.4. Test methods

2.4.1. Fresh properties

Slump flow tests were conducted for the fresh UHPC mixes in
accordance with AS 1012.3.5 (2015). A mini slump cone, having a
height of 116 mm, a top diameter of 38 mm, and a bottom diameter of
76 mm, was used for the slump flow tests. The aspect ratio of the cone
was identical to that of the standard cone specified by AS 1012.3.5
(2015).

Wet packing density was measured for each fresh UHPC mix based on
the calculation method presented in (Wong and Kwan, 2008). Wet

100 —
%0 | Cement //
---------- Silica fume p 7
80 | — — Flyash /
70 F|— -Sand /
w60 Tailing :
g
iZ S0
X 40 t
30 F
20
10 |
0.1 1 10 100 1000

Particle size (um)

Fig. 2. Particle size distributions of solid materials.

Intensity

S 10 15 20 25 30 35

40 45 50 55 60 65 70

20 (degree)

Fig. 1. XRD pattern and scanning electron micrograph of WAGT1; [M = muscovite (KAl3Si301(F,0H)2), A = albite (NaAlSi3Og), P = polyhalite (CasH4K>MgO1S4),

H = halite (NaCl), Q = quartz (SiO,)].
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Table 3
Mix proportions of UHPC mixes.
Mix ID. Constituents (kg/m>) w/b
Cement Fly ash Silica fume Sand WAGT1 Water HRWR® Defoaming agent”
TO 794 140 233 969 - 212 14.7 1.3 0.182
T20 794 140 233 775 194 212 14.7 1.3 0.182
T40 794 140 233 581 388 212 14.7 1.3 0.182
T60 794 140 233 388 581 212 14.7 1.3 0.182
T80 794 140 233 194 775 212 14.7 1.3 0.182
T100 794 140 233 - 969 212 14.7 1.3 0.182
w/b = water to binder ratio.
# Solid content.
100
—  -TO RMSE =5.433
0l 10 R2=0975
80 T40 RMSE =4.340
- - R>=0.984 %
70 b T60 7
- == T80 RMSE =3.808 V2
_ 60 r| ——TI00 R =0987 K
2 50tk Target (modified A&A) - RMSE = 4.063
[ R?2=0.985
X 40 | RMSE = 4.985
30 R2=0977
A7
20 + 22 A
10 RMSE = 6.288
R2=0.963
0 I I A | I I I R | I I I 111
0.1 1 10 100 1000

Particle size (um)

Fig. 3. Combined particle size distributions of UHPC mixes [RMSE = root-mean-square error, R? = determination coefficient].

packing density (¢) can be expressed by Eq. (2).

Vs
b= v (2)

V is the volume of mould (mm3), and V; is the total volume of solid
constituents (mms). Vs can be determined using Eq. (3).

M 22:1%:
Vi=e— | — = — 3
P \ e + 20y

M is the mass of fresh UHPC occupying a volume of V after being
subjected to 1 min of vibration (g), py, is the density of water (g/mm®),
my, is the mass of water per unit volume (g), my is the mass of each solid
material per unit volume (g), Gy is the specific gravity of each dry
material.

2.5. Mechanical tests

A compression testing machine with a capacity of 600 kN was used to
perform the mechanical tests. The compressive strength tests were
conducted at 7, 28, and 56 days according to guidelines of ASTM
C109/C109M-16a (2016). Strain gauges were attached to the 28-day
specimens for measuring their strains under compression. The elastic
moduli of the specimens were calculated according to AS 1012.17
(1997). The splitting tensile strength tests were conducted at 28 days
according to the guidelines of AS 1012.10 (2000). For each mechanical
property, three specimens from each mix were tested.

2.6. Durability tests

The initial rate of absorption (IRA) tests were conducted using 100 x

100 x 100 mm plain cubes in accordance with the guidelines of IS 3495
(1992), and the water absorption (WA) tests were conducted using the
same specimens as per the guidelines of AS/NZS 4456.17 (2003). To
calculate the WA of each specimen Eq. (4) was used, and Eq. (5) was
used to calculate the IRA. Three specimens from each mix were tested
for both WA and IRA.

wa = 1000m —mp) @
m;
1000 —m; .
IRA = M (kg/mz/mm) 5)

m; is the mass of oven-dried specimen (g), my is the mass of specimen
after 24 h of immersion in water (g), my6o is the mass of specimen after
immersion of bottom 3 mm in water for 60 s (g), A is the bottom surface
area of specimen (mmz). Excess water on the specimen surface was
wiped off using a damp cloth prior to measuring my or my .
Carbonation tests were carried out according to EN 13295 (2004)
using 100 x 100 x 100 mm specimens. Each specimen was split into two
halves. Phenolphthalein indicator (mixture of 1 g phenolphthalein
powder, 70 ml ethanol, and 30 ml water) was then sprayed over the split
section of each half. The colour change of each of the sections was
observed to assess the carbonation resistance of the respective mix.

2.7. Leaching toxicity test

Leaching toxicity test was conducted for each UHPC mix using a
slightly modified version of the approach mentioned in HJ 557 (2010).
HJ 557 (2010) specifies the use of deionized water as leaching liquid.
However, in this study, acetic acid (CH3COOH) solution having a pH of
2.65 was chosen as the leaching liquid, complying with (Wang et al.,
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2018). 100 g of crushed UHPC pieces with a maximum size of 3 mm
were mixed with 1 L of leaching liquid. The mixture was subjected to 8 h
of horizontal agitation and then left at a steady position for 16 h. After
that, the supernatant was filtered through vacuum-filtration process
(Fig. 4). The concentrations of heavy metals in the supernatant were
measured using ICP-OES.

2.8. SEM analysis

SEM analysis was conducted using small pieces of TO and T100.
Backscattered scanning electron micrographs were captured using a
field emission scanning electron microscope (FESEM).

3. Results and discussion
3.1. Fresh behaviour

The slump flow diameters of the fresh UHPC mixes are presented in
Table 4. The slump flow diameters of the UHPC mixes decreased with
the increasing replacement of sand by WAGT1. The reduction of the
slump flow due to the incorporation of WAGT1 can be attributed to the
non-uniform surface texture (Fig. 1) and fine size of WAGT1 particles
(from Table 2, the median diameter of the sand was 237.3 pm, and the
median diameter of WAGT1 was 141.4 pm). WAGT1, owing to their
higher fineness, had higher surface-area per unit volume than that of the
sand. Consequently, the inclusion of WAGT1, substituting certain per-
centage of the sand, increased the water demand to lubricate the par-
ticles present in fresh UHPC and reduced its slump flow (Shettima et al.,
2016). Table 4 also presents the wet packing densities of the UHPC
mixes. Although the UHPCs with WAGT1 exhibited lower slump than
that of TO, their packing densities were, in general, higher than that of
TO. This observation is in agreement with the RMSE and R? values
presented in Fig. 3.

3.2. Compressive strength and splitting tensile strength

The 7-day, 28-day, and 56-day compressive strengths of the UHPCs
with different replacements of quartz sand by WAGT1 are presented in
Fig. 5(a). Up to 80% substitution of quartz sand by WAGT1, the 28-day
compressive strength of UHPC remained either comparable to or slightly
higher than that of TO. Similar phenomena were observed at 7 and 56
days. Substitution of sand by WAGT1, beyond 80%, impaired the
strength of UHPC if compared with the strength of TO. The 28-day
compressive strength of TO was 142.6 MPa, and the 56-day strength
was 151.9 MPa. The 28-day compressive strength changed by +4.6% for
T20, —1.6% for T40 + 4.4% for T60, —1.3% for T80, and —7.6% for
T100, with respect to the 28-day strength of TO. At 56 days, the
compressive strength changed by +4.8% for T20, —0.1% for T40, +2.2%
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Table 4
Fresh properties of UHPC mixes.

Mix TO T20 T40 T60 T80 T100

Slum flow diameter (mm) 210 170 166.5 155 145 105
Wet packing density 0.771 0.793 0.795 0.808 0.789  0.792

for T60, —2.0% for T80, and —6.6% for T100, with respect to that of TO.
The compressive strength of UHPC incorporating WAGT1 can be influ-
enced by different factors. High fineness of WAGT1 particles is likely to
result in better particle packing, consequently higher packing density as
can be seen from Table 4, and reduce porosity of hardened UHPC (Zhang
et al., 2020a). Such feature of WAGT1 is expected to benefit the strength
of UHPC. On the other hand, low crystalline quartz content (Table 2) and
presence of softer minerals (e.g., muscovite, halite, polyhalite, etc.) in
WAGT1 (Fig. 1) tend to impart low elastic modulus to UHPC (Perkins,
1999). Low quartz content of WAGT1, as a result, is likely to cause
reduced strength compared to UHPC with quartz sand (Zhao et al.,
2014). Improved packing density of UHPC attained through WAGT1
incorporation most likely helped the UHPCs with up to 80% WAGT1
achieve strength comparable to or slightly higher than that of TO. The
reduction in strength of T100 can be attributed to the low quartz content
in WAGT1. The 28-day compressive strengths of the UHPCs made with
up to 100% substitution of quartz sand by WAGT1 were greater than
120 MPa. T100 was observed to achieve 28-day strength (131.8 MPa)
comparable to that presented in (Pyo et al., 2018) for UHPC with 30%
quartz based tailings as aggregate, and higher than that presented in
(Zhao et al., 2014) for UHPC with 100% iron ore tailings (Table 1).
UHPCs made with up to 60% substitution of quartz sand by WAGT1
attained compressive strengths greater than 150 MPa at 56 days,
without employing any special curing (e.g., autoclaving, heat-curing,
steam-curing, etc.). It is also worth noting that the ECO-UHPCs devel-
oped in this study exhibited substantially higher compressive strengths
than conventional NSC (exhibiting strength usually less than 40 MPa).
The ECO-UHPC mixes can be used to construct slenderer structural
members (Fehling et al., 2015), and thinner roads or pavements (Larrard
and Sedran, 2011).

The 28-day splitting tensile strengths of the UHPCs are presented in
Fig. 5(b). The splitting tensile strength of TO was 7.51 MPa. The splitting
tensile strength changed by +8.9% for T20, +13.2% for T40, +5.5% for
T60, —9.2% for T80, and —2.8% for T100, with respect to that of TO.
Dense particle packing facilitated by high fineness of WAGT1 positively
influenced the splitting tensile strengths of the UHPCs with up to 60%
WAGT1. However, presence of soft minerals on the surfaces of WAGT1
particles perhaps resulted in weak bonds between the concrete matrix
and WAGT1 particles (Alsalman et al., 2017). Formation of such weak
WAGT]1 particle — matrix bonds was possibly the governing factor to
impart reduced splitting tensile strengths to the UHPCs with WAGT1

Fig. 4. Leachate sample preparation for leaching toxicity test — (a) horizontal shaking of UHPC pieces and leaching liquid, and (b) vacuum filtration of leachate.
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Fig. 5. (a) Compressive strength results, and (b) 28-day splitting tensile strength results of UHPCs.

content of more than 60%.

3.3. Elastic modulus

The 28-day elastic moduli of the UHPC mixes are presented in Fig. 6
(a). The results show that the elastic modulus of UHPC generally
decreased with the increase of WAGT1 content. This is most likely
because WAGT1 were softer than the quartz sand owing to the lower
quartz content (Table 2) and presence of softer minerals (e.g., musco-
vite, halite, polyhalite, etc.) in WAGT1 (Fig. 1). The 28-day elastic
modulus of TO was 42.6 GPa. The elastic modulus decreased by 1.4% for
T20, 4.9% for T40, 5.8% for T60, 7.2% for T80, and 10.9% for T100,
with respect to the elastic modulus of TO.

The elastic moduli of the UHPC mixes are plotted against the square

roots of their respective compressive strengths [\/ (fJ)] in Fig. 6(b). The
R? obtained for the line of best fit was found to be 0.47, and the RMSE
was found to be 1.12. In Fig. 6(c), the elastic moduli of the UHPC mixes
are plotted against their respective \/ (fo) to ¢ (wet packing density)
ratios. Fig. 6(c) shows a low scatter of the presented data compared to
that of the data presented in Fig. 6(b). The R? between the line of best fit
and the data presented in Fig. 6(c) was found to be 0.90, and the RMSE
was found to be 0.50. Lower scatter of the data in Fig. 6(c) implies that
the elastic modulus of UHPC incorporating WAGT1 can be better rep-
resented as a function of \/(fc)/gﬁ than as a function of \/(fc). This is
possibly because, in comparison to the compressive strength, the elastic
modulus of UHPC incorporating WAGT1 is less sensitive to the variation
of the packing density. Due to limited datapoints, the present study did
not propose any equation. The study can be extended in future
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compiling more elastic modulus, compressive strength, and wet packing
density results in order to develop a relationship for estimating the
elastic modulus of UHPC incorporating WAGT1.

3.4. Durability

Fig. 7 shows the water absorption (WA) and the initial rate of ab-
sorption (IRA) test results of the UHPCs at 28 days. The WAs and IRAs of
the UHPCs incorporating WAGT1 were generally lower than those of TO.
Zhang et al. (2020a) observed similar behaviour in their investigation
when manufactured sand was replaced by finer iron ore tailings. Fine
particles of WAGT1 most likely helped fill the micro-voids of UHPC mix,
and helped UHPC to attain lower 28-day WA and IRA (Gupta and Vyas,
2018). The 28-day WA was 1.123% for TO, 1.121% for T20, 1.028% for
T40, 1.012% for T60, 1.011% for T80, and 0.866% for T100. The IRA
was 0.082 kg/m?/min for TO, 0.067 kg/m?/min for T20, 0.078
kg/m?/min for T40, 0.055 kg/m?/min for T60, 0.046 kg/m?/min for
T80, and 0.055 kg/m?/min for T100, at 28 days. It was interesting to
observe that the WAs of all the UHPCs were less than 1.5%. Concrete
exhibiting WA less than 2% is considered durable, for construction
works with fifty-year design life in coastal regions (Ahmed et al., 2021).
The WA of NSC is typically much higher than 3.5% (Neville, 2011). The
ECO-UHPCs developed in this study can be used to prepare more durable
structures, pavements, or roads than those built with NSC.

Fig. 8 shows the colour changes of the cut sections of elevated CO5
cured UHPC specimens upon the application of phenolphthalein solu-
tion. Dark pink colour was observed throughout the cross-sections of all
the UHPC specimens. This implies no visible carbonation front was
present in any of the specimens. In other words, the depth of carbonation
was below the detection limit (<0.5 mm) for all the UHPCs. These ob-
servations on the UHPCs incorporating different contents of WAGT1
agree with the results obtained by Scheydt and Miiller (2012) for con-
ventional UHPC. Promising carbonation resistances of the UHPCs,
irrespective of their aggregate types, can mainly be attributed to their
very dense matrices owing to the use of very low w/b ratio (= 0.182) and
the use of silica fume. The dense microstructures of the UHPCs sub-
stantially restricted the diffusion of CO3 into the concretes and resulted
in almost zero carbonation depths.

3.5. Leaching toxicity

The concentrations of the heavy metals in the leachates extracted
from different UHPC - leaching liquid mixtures are presented in Table 5.
For all the UHPCs, the concentrations of the heavy metals were well
below their respective regulatory thresholds set by different environ-
ment protection guidelines and regulations. Such low concentrations of
the toxic metals in the leachates, compared to their respective regulatory
thresholds, indicate safe use of WAGT1 in UHPC. Long-term leaching
test can be conducted in future for gaining deeper insight into the
leaching behaviour of heavy metals in UHPCs incorporating WAGT1.
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Fig. 7. Water absorption and initial rate of absorption results of UHPCs.
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Three factors possibly influenced the leaching toxicity test results of the
current study. First, concentrations of some of the heavy metals (e.g., Cd,
Pb) were very low in the as-received WAGT1. Second, certain heavy
metals in WAGT1 were perhaps present in oxidation states which show
low leachability or low mobility (e.g., possible presence of arsenic as
arsenate) (Shrivastava et al., 2015). Third, the very dense microstruc-
ture of UHPC highly restricted the leaching behaviour of toxic metals
present in WAGT1 (Wang et al., 2018). The leaching behaviour of
leachable heavy metals from a particular type of tailings in UHPC,
compared to their behaviours in low-strength and normal-strength
mortars, can be illustrated by the schematic diagram shown in Fig. 9.
In comparison to low-strength and normal-strength mortars, UHPC is
very dense and less porous because of its low w/b ratio and the presence
of silica fume in it. The binder to aggregate ratio of UHPC is also much
higher than those of low-strength and normal-strength mortars. Because
of this, the aggregate particles in UHPC are covered with thick layers of
paste. Foregoing features of UHPC have the potential to provide sub-
stantial hindrance to the leaching of heavy metals from the tailings
present in it (Liu et al., 2020b).

3.6. Microstructure analysis

Fig. 10(a) shows the backscattered electron micrograph of TO, and
Fig. 10(b) shows that of T100. Because of the low w/b ratio, a lot of
cement particles (white features in the matrix) were seen to remain
unreacted in both TO and T100 samples. Larger pores were observed in
the matrix of TO. This indicates denser packing was achieved for T100
than that of TO. The observation is consistent with the higher wet
packing density of T100 than that of TO (Table 4). The WAGT1 particles
exhibited bright colour in the backscattered electron microscopy,
compared to the sand particles. This is because the sand mainly con-
tained Si-based quartz whereas WAGT]1, apart from Si-based quartz, had
minerals incorporating heavier elements (such as, Ca, Fe, etc.) (Table 2).
WAGT1 particles were generally observed to be surrounded by wider
cracks than sand particles. This may be attributed to the weak bonding
between WAGT1 particles and matrix, occurring because of the presence
of soft minerals in WAGT1 (Alsalman et al., 2017). Such property of
WAGT]1 imparted low strength to T100 if compared with the strength of
TO (Perkins, 1999).

3.7. Economic and environmental evaluation

Fig. 11(a) presents the estimated material costs and combined ma-
terial and transportation costs of UHPCs with different WAGT1. The
estimated CO, footprints of the UHPC mixes, based on both the CO4
emission from materials and the combined emission from materials and
transportation, are presented in Fig. 11(b).

Table 6 presents the data used for the calculation of the material
costs and CO», footprints of different UHPC mixes. The material costs and
CO;, footprints of the cement, silica fume, fly ash, and quartz sand re-
ported in (Ahmed et al., 2021) were used for the calculation of the
material cost and CO; footprint of TO. For calculating the material costs
and CO; footprints of the mixes with WAGT1, approximate cost (A
$53/t) and CO emission (2.1 kg/t) for screening out coarse rock frac-
tion from raw WAGT1 were considered, in addition to the costs and CO5
footprints of other materials reported in (Ahmed et al., 2021). In order to
determine the costs and CO; emissions from transportation, the cement,
silica fume, fly ash, quartz sand, and chemical admixtures (HRWR and
defoamer) were assumed to be transported from local sources in WA.
The cement source was assumed to be located at a distance of 20.1 km
from the Perth CBD (central business district), silica fume source at a
distance of 152 km, fly ash source at a distance of 209 km, quartz sand
source at a distance of 28.9 km, and the source of chemical admixtures at
a distance of 23 km. Due to the confidentiality agreement the exact
distance of Mine 1 from the CBD is not mentioned here. The cost of
transport (articulated truck freight) was considered to be A$0.09/t/km
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Fig. 8. Illustration of carbonation resistances of UHPCs.

Table 5
Concentrations (mg/L) of heavy metals in leachate samples.
Heavy metal Sample Regulatory threshold
TO T20 T40 T60 T80 T100 NSW EPA (2014) GB 5085.3 (2007) GB 16889 (2008) 40 CFR 261.24
Zn 0.181 0.192 0.215 0.159 0.149 0.162 - 100 100 -
Cd <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 1 1 0.15 1
As <0.005 <0.005 <0.005 <0.005 0.006 <0.005 5 5 0.3 5
Pb <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 5 5 0.25 5
Cu 0.029 0.046 0.067 0.070 0.076 0.139 - 100 40 -
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Fig. 9. Leaching behaviour of leachable heavy metals from tailings in — (a) low-strength mortar, (b) normal-strength mortar, and (¢) UHPC.

(Shaikh et al., 2019), and CO5 emission was considered to be 0.071
kg/t/km (O’Brien et al., 2009).

The estimated material cost of TO is A$1586/m>. The material cost
can be reduced by 6.2% for T20, 12.4% for T40, 18.6% for T60, 24.8%
for T80, and 31% for T100, with respect to the cost of TO. Very low
processing cost of WAGT1, in comparison to the cost related to the
energy-intensive processes of extraction, grinding, and refining of quartz
sand, imparts reduced material costs to the mixes with WAGT1. The
combined material and transportation costs of UHPC, for constructions
near both Perth CBD and Mine 1, also reduce when quartz sand is
replaced by WAGT1. The combined material and transportation cost
reduces by 4.3% for T20, 8.6% for T40, 12.9% for T60, 17.2% for T80,
and 21.6% for T100, with respect to the cost of TO, for construction near

the CBD. For construction in the area near Mine 1, the combined cost can
be reduced by 6.6% for T20, 13.2% for T40, 19.9% for T60, 26.5% for
T80, and 33.1% for T100.

The material COy footprint of UHPC reduces slightly when quartz
sand is substituted by WAGT1. This can mainly be attributed to the
reduction/omission of the extraction, grinding, and refining phases of
quartz sand manufacturing process when WAGT1 are used. However,
the reduction in material CO5 footprint of UHPC, for certain replacement
of sand by WAGT], is less pronounced compared to the reduction in
material cost. This is because the use of high-volume cement for UHPC
production is the major contributor (90%-92%) to the material COy
footprint of UHPC. For construction near the CBD, the combined CO»
emission from materials and transportation increases by up to 11.6%
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when quartz sand is replaced by WAGT1. This can be attributed to the
large distance of Mine 1 from the CBD, compared to the distance be-
tween the quartz sand source and the CBD. Studies can be carried out in
future investigating the influences of using gold tailings from mines
nearer to the CBD on the properties of UHPC. However, for construction
near Mine 1, the combined CO, emission from materials and

(b)

Fig. 10. Backscattered electron micrographs of (a) TO, and (b) T100; [P = pore, S = quartz sand, T = WAGT1].
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transportation can be decreased by up 12.1% if WAGT1 are used instead
of quartz sand.

Along with the CO, emission, extraction and grinding processes of
quartz sand have a number of other environmental consequences. Some
of the most important ones, as indicated in (Gavriletea, 2017), are —
deforestation, loss of biodiversity, soil degradation, lowering of water
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Fig. 11. (a) Costs, and (b) CO, footprints of UHPC mixes.

Table 6

CO,, footprints and costs of materials.
Material Cement Silica fume Fly ash Quartz sand WAGT1 Water Admixture”
Material CO, footprint (kg/t) 959° 82" 93" 21° 2.1 1> 508"
Material cost (A$/kg) 0.75" 0.52" 0.51" 0.56" 0.053 0.0015" 4.4" (HRWR)

3.23" (defoaming agent)

? Including liquid content.
b Adopted from (Ahmed et al., 2021).

table, particulate matter air pollution during grinding, etc. The natural comparable to or higher than those presented in the previous studies

sources of quartz sand are depleting so drastically that the demand for for ambient temperature cured UHPCs with quartz based tailings and

sand may surpass the supply by mid-century (Bendixen et al., 2019). iron ore tailings. UHPCs made with up to 60% substitution of quartz

Long-term continuous disposal of tailings is also associated with several sand by WAGT1 can attain compressive strengths greater than 150

concerns. Fine fraction of the disposed tailings can pollute the sur- MPa at 56 days without employing any special curing.

rounding air (Dong et al., 2019). To facilitate long-term disposal, con- 2. UHPCs with up to 60% WAGT1 generally exhibit higher (5.5%-—

struction of new tailings storage facilities (TSFs) or gradual enlargement 13.2%) splitting tensile strengths than that of UHPC without

of the existing tailings dam structure is often required. Construction of WAGT1. Beyond 60% replacement, splitting tensile strength gener-
new TSFs requires the use of additional landmasses. Again, gradual ally decreases (2.8%-9.2%). The elastic modulus of UHPC generally
enlargement of the tailings dam structure increases the risk of dam reduces (up to 10.9%) as quartz sand is replaced by WAGT1.

failure as well as the difficulty of tailings management (Edraki et al., 3. The flowability of fresh UHPC reduces with the substitution of quartz

2014). Dam failure may pose a severe threat to the safety of the workers sand by WAGT1. However, better wet packing density can be

and the people residing in the locality, and can even lead to the pollution attained for UHPC with WAGT1 than that of UHPC with 100% quartz

of surrounding surface and ground waters, soil, crops, etc. (Ince, 2019). sand.

Although WAGT1 at Mine 1 are currently managed as per the guidelines 4. UHPCs incorporating WAGT1 generally exhibit lower water ab-

of ANCOLD (Australian National Committee on Large Dams) and ICMM sorptions and initial rate of absorptions than those of UHPC with

(International Council on Mining and Metals), continuous disposal of 100% quartz sand. UHPC, irrespective of WAGT1 content, shows

WAGT1 may make the management more challenging in future years. substantial resistance to carbonation.

The problems, related both to the manufacturing process of fine quartz 5. The leachability of toxic metals from UHPC, irrespective of its

sand and to the disposal of WAGT1, can be addressed to some extent if WAGT1 content, lies well below the regulatory thresholds. Long-

quartz sand in UHPC is partially or fully substituted by WAGT1. term leaching test can be conducted in future for gaining further
insight into the leaching behaviour of heavy metals in UHPCs

4. Conclusion incorporating WAGT1.

6. The combined material and transportation cost of UHPC can be

Based on the results and discussion presented in the preceding sec- reduced by up to 33.1%, for construction in the area near Mine 1. For

tion, the following conclusions can be drawn: construction near the Perth CBD, the combined cost reduces by up to
21.6% when quartz sand is replaced by WAGT1.

1. UHPCs, incorporating up to 80% WAGTI, exhibit compressive 7. For construction near Mine 1, the combined CO; emission from
strength comparable to or slightly higher than the compressive materials and transport can be reduced by up to 12.1% when quartz
strength of UHPC with 100% quartz sand. The 28-day compressive sand is replaced by WAGT1. However, the combined CO, emission
strength of UHPC with 20%-80% WAGT1 changes by —1.3% to can increase by up to 11.6%, for construction near the Perth CBD.
+4.58%, with respect to the 28-day strength of UHPC with 100% Studies can be carried out in future to investigate the properties of
quartz sand. UHPC with 100% WAGT1 exhibits 7.6% lower UHPCs incorporating gold tailings from mines nearer to the CBD,
compressive strength with respect to that of UHPC with 100% quartz which may be economically and environmentally more attractive for
sand. However, strength greater than 120 MPa is achievable at 28 construction near the CBD.
days for UHPC with 100% WAGT1. 28-day strength achieved in this 8. Utilization of WAGT1 as quartz sand substitute for UHPC production,
study for UHPC incorporating 100% WAGT1 (131.8 MPa) is also especially near Mine 1, can reduce the demand for quartz sand to

11
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some extent. In the long run, negative environmental impacts of
quartz sand extraction can be reduced (e.g., deforestation, loss of
biodiversity, soil degradation, lowering of water table, etc.). Cleaner
UHPC production in such a way can also help prevent concerns/
problems, related to the long-term disposal of WAGT1, from arising
in the future (e.g., need for new landmasses, risk of tailings dam
failure, etc.).

In summary, UHPC exhibiting 28-day compressive strength greater
than 120 MPa, water tightness better than UHPC incorporating quartz
sand, and carbonation resistance similar to conventional UHPC can be
produced using WAGT1 as aggregate. The cost and CO; emission can
also be reduced for construction near Mine 1 if WAGT1 is used instead of
quartz sand. The results imply, in the area near Mine 1, the use of
WAGT]1 can economically and environmentally, as well as in terms of
durability, be a better option than quartz sand for construction works
that require UHPC with 28-strength in excess of 120 MPa. Moreover, the
ECO-UHPCs developed in this study, owing to their substantially higher
strength and better durability than NSC, can be used to construct slen-
derer and/or more durable structural members, pavements, or roads
than those built with NSC.
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