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Abstract

This study was designed to investigate the hardened performance of the paste specimens produced using a composite binder
with high volumes of mine tailings incorporating various by-products. Mine tailing and fly ash (FA) content was tested at
40%, 50%, and 60% of total paste volume, and tailing pastes were produced at w/b ratios of 0.12, 0.16, and 0.2. To reduce
the usage of cement, Portland cement was replaced by ground granulated blast furnace slag (GGBFS) at 10%, 30% and 50%
of cement weight and, to modify the paste properties, silica fume (SF) was added at 5%, 10%, and 15% of the binder mass.
The hardened performance of the tailing paste specimens was evaluated in terms of compressive strength, thermal conduc-
tivity (TC), ultrasonic pulse velocity (UPV), water absorption (WA), sulfate attack resistance, and SEM analysis was used
to examine the microstructure. After 56 days of curing, the tailing paste obtained high compressive strength results ranging
between 34.2 and 86.2 MPa. The paste samples with lower tailing and GGBFS content and lower w/b ratios exhibited better
hardened properties and denser morphologies. Finally, adding 5% SF was found to significantly improve the microstructure

and mechanical properties of the paste specimens.

Keywords Mine tailing paste - Compressive strength - Sulfate resistance - By-products

Introduction

Ordinary Portland cement (OPC) is the main binder used
in concrete production worldwide. Demand for cement is
expected to continue rising through the coming decades,
with demand for cement in 2020 reaching 115-180% and
demand in 2050 expected to reach 400% of levels in the
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1990s [1]. Cement production presents many challenges in
terms of energy and natural resources consumption as well
as emissions of CO, [2]. The cement manufacturing process
consumes around 1.7 tonnes of raw materials and releases 1
tonne of CO, for every 1 tonne of clinker produced. Moreo-
ver, this process generates some 5-8% of man-made CO,
emissions [3, 4]. The major role played by CO, emissions in
global warming is encouraging researchers to assess poten-
tial greener alternatives to cement to reduce cement con-
sumption. Besides, concrete structures in an underground
environment are usually exposed to various chemical sub-
stances, including sulfate and chloride, which are ubiquitous
in soil, groundwater and seawater and are damaging [5]. It
has long been recognized that sulfate attack usually results
in the formation of expansive products, such as ettringite,
gypsum, and thaumasite, which are produced by sulfate
ions reacting with hydration products in cement, resulting
in expansion, cracking, spalling, and concrete strength loss
and affect to the durability of concrete samples [6-8]. Using
supplementary cementitious materials (SCM) such as silica
fume, GGBFS, and fly ash as pozzolanic materials for partial
replacement in cement has been reported in many studies to
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produce cement with acceptable mechanical properties and
durability and sulfate resistance [9-13]. However, the less-
than-ideal physical properties and chemical compositions of
SCM (e.g., low reactivity index, crystalline phase, and angu-
lar shape) frequently lead to concrete that has been produced
with SCM as a partial replacement to exhibit problems such
as low early-age compressive strength, significant autog-
enous shrinkage, and drying shrinkage [9, 10, 14]. Using
ternary and quaternary binders with high-volume blends of
industrial by-products such as GGBFS and FA is an area of
potential eco-friendly cement development [15-18].

Vast amounts of mineral products are mined annually
worldwide. In addition to minerals, mining generates large
volumes of solid wastes such as waste rock, tailings, and slag
[19]. Ore tailings are a byproduct of flotation, gravity con-
centration, and other mineral-separation processes [20-24].
The high heavy metal content in ore tailings regularly con-
tributes to water resource contamination through leaching,
and large amounts of land must be dedicated to the long-
term storage of this material, posing threats to human safety
and welfare [25-27]. Therefore, developing beneficial and
safe uses for ore tailings is necessary to mitigate the negative
impacts of this material.

Steadily increasing demand for copper, an important
metal in many fields of industrial manufacture, is driving
growth in copper mining around the world. Copper mine
tailings, a main byproduct of copper ore flotation process-
ing [28], is causing extensive environmental pollution in
many copper-mining countries. Around 30 million tonnes
of copper mine tailings are discharged during engineering
process of copper containing mine, worldwide [29]. As the
chemical composition of copper mine tailings is similar
to cementitious raw materials [30, 31], these tailings may
be a viable alternative input material for the production of
cement clinker. The potential for using copper mine tailing
as a partial replacement for conventional cement has been
examined in several previous studies [32, 33]. Onuaguluchi
and Eren [34] investigated the effect of copper tailings as a
partial cement replacement at levels from O to 15%. Their
findings indicated that absorbed water and permeable voids
increased and compressive strength and mechanical proper-
ties decreased at higher levels of copper tailing replacement.
Moreover, at higher replacement levels, chemical resistance
declined and thermal conductivity increased. Dandautiya
and Singh [35] used blended fly ash and copper tailings as
a partial replacement for cement, finding that although both
FA and copper tailings met the requirements to be classi-
fied as pozzolanic materials, the cement samples exhibited
steadily lower compressive strength values as the replace-
ment level of blended tailings and FA content increased. The
replacement level of 10% FA and 5% copper tailings showed
higher compressive strength than the control mixture, and
the replacement level of 20% FA and 5% copper tailings
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achieved a high compressive strength. Reusing FA and cop-
per tailings in concrete production offers benefits in terms of
lower production costs and reduced CO, emissions. S. Liu
et al. [32] assessed the hydration properties of the composite
binder of Portland cement by modifying the copper tailing
powder using different grinding times. The hydration prod-
ucts included C-S-H gel, Ca(OH),, ettringite, CaCO;, and
dolomite. According to the test results, the Ca(OH), content
also declined as copper tailing powder levels increased. In
addition, the superfluous SiO, in the copper tailing powder
contributed to C—S—H gel formation via the reaction with
Ca’*, resulting in a larger volume of C—S—H gel at later
ages. The proportion of copper tailings in the cement was
shown to affect the mechanical properties and pore structure
of the paste specimens. However, the focus of articles in
the literature has mainly been on the hydration process of
cement paste with relatively minor copper tailings modi-
fication (£30%). The hardened performance of composite
binder that has been produced with copper tailings blended
with other by-products is an issue that has received minimal
research attention to date and thus deserves further study.

Using mine tailings as partial replacement in cement
is attractive both for reducing the use of newly mined raw
materials and for reusing a difficult-to-manage solid waste.
However, utilization of high mine tailing volume in pro-
duction of ternary or quaternary composite binder is not
widely mentioned previous study. In addition, copper mine
tailings contain high proportions of silica, alumina, and
iron oxide (around 90% of the material by weight), which
is higher than the requirement for Class N raw and calcined
natural pozzolanas materials published in ASTM C618-15.
Thus, copper mine tailings may be used in construction as a
pozzolanic material. Therefore, this study was designed to
provide detailed insights into the potential for using copper
mine tailings in construction materials. Composite binder
samples were produced by incorporating high volumes of
copper mine tailings with other by-products such as FA,
GGBEFS, and silica fume, and various tests of the hardened
properties of the tailing pastes were conducted up to 56 days
of curing age.

Materials and experimental methods
Materials and mix proportions

In this study, ordinary Portland cement type I was used
following ASTM C150. The tailing powder was col-
lected from copper mine tailing slurry in China to use
as a cementitious material. Three types of supplementary
cementitious materials, including GGBFS, fly ash, and sil-
ica fume, were used to modify the tailing paste specimens,
with details regarding the physical properties and chemical
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Table 1 Physical and chemical analyses of raw materials

Materials OPC Tailing  FA GGBFS  SF
Chemical compositions (%)
Sio, 21.82  76.33 6322  36.7 97.54
AL O, 4.82 1091 22.8 14.67 0.13
Fe,04 3.07 2.49 5.5 0.3 0.13
CaO 62.08 0.66 336  38.73 0.19
MgO 3.58 0.22 0.99 6.21 0.17
SO, 2.84 2.48 0.54 1.67 1.3
K,O 0.62 5.9 1.02 0.32 0.26
Na,O 0.41 0.44 1.13 0.34 0.24
P,0; - - 0.29 - -
TiO, 0.53 0.22 0.96 0.66 -
MnO 0.05 - - 0.34 -
Physical properties
Specific gravity 3.15 2.73 2.17 2.85 2.27
D50 (um) 16.82  22.36 16.61 8.83 16.53
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Fig.1 Cumulative distributions of raw materials

compositions of these specimens displayed in Table 1. The
particle size distributions of the raw materials are given in
Fig. 1 and the tailing powder particles is shown in Fig. 2.
The chemical compositions of these materials were ana-
lyzed using an X-ray fluorescence (XRF) spectrometer. As
shown in Table 1, the mine tailing contained SiO,, Al,O;,
and Fe,0; of 76.33%, 10.91%, and 2.49%, respectively and
the total proportion of these three compounds was 89.73%,
which is significantly higher than the 70% required under
ASTM C618-15 for raw and calcined natural pozzolanic
materials. The SEM image and XRD pattern of the tailing
powders are shown in Figs. 3 and 4, respectively. Super-
plasticizer type G was used to achieve the desired level

Fig.2 Mine tailing image
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Fig.3 SEM image of mine tailing particles

of workability in the paste samples, and the mixing water
used was local tap water.

First, a composite binder was prepared by a mixture
of mine tailing and fly ash with a ratio of 10% FA by the
total weight of FA and mine tailing. This proportion was
blended following Fuller’s curve method, which determined
the highest density of binder material based on the particle
size distribution of FA and tailing. Then, the paste mixtures
were produced with the high volume of mine tailing and
FA (CT) with 40%, 50% and 60% compared with cement
content. These mixtures were designed with a w/b ratio of
0.12. Next, the 50% CT mixture (xXT0.5S00F0) was modified
using w/b ratios of 0.16 and 0.2. To reduce the cement con-
sumption, GGBFS was used to replace OPC in the mixture
0.12T0.5SxFO at respective content ratios of 10%, 30%, and
50%. Finally, silica fume at 5%, 10%, and 15% of mixture
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Fig.4 XRD analysis of mine tailing

weight was added to the mixture with 30% GGBFS content
0.12T0.5S30Fx to improve the performance of the tailing
paste specimens. The detailed mixtures are presented in
Table 2.

Sample preparation and test program

After mixing, the tailing paste samples were made in two
layers in 30X 30x 30 mm cubic molds and 50 x 100 mm
cylinder molds, then shook for 3 min to remove voids with
a vibration machine. A plastic thin film covered the sur-
face of the molds after mixing to prevent evaporation. All
the paste samples were demolded after 48 h and cured in
a chamber maintained at a temperature of 25+ 2 °C and
a humidity level of 95% + 5% until the testing day. The
mechanical properties were tested for compressive strength

in accordance with ASTM C109. The UPV test was con-
ducted in accordance with ASTM C597 and the thermal
conductivity analysis was done in controlled condition at a
temperature of 25+2 °C and a humidity level of 65% +5%
within 10 min using an Isomet 2014 device with a surface
probe fitted with a temperature sensor. Water absorption
was measured by calculating the differences in mass of the
paste specimens under oven-dried and saturated-surface-dry
conditions. Sulfate attack resistance was measured by cal-
culating the changes in mass of the specimens during a wet-
ting and drying cycle in which the 28-day paste specimens
were first immersed in a sulfate solution of 5% Na,SO, for
1 day, and then heated in an oven at 105+ 5 oC for 22 h,
and then finally air cooled for 2 h. The mass change was
observed for 10 consecutive wet—dry cycles. The resultant
microstructure of the specimens was analyzed using SEM
images taken with a scanning electron microscope (JEOL
model JSM-6390LV). The X-ray diffraction was conducted
using a BRUKER diffractometer model D2-PHASER that
used CuKa radiation with step-scanned at 20 in the ranges
of 10-70°.

Results and discussion
Compressive strength

As shown in Fig. 5, compressive strength development
in the tailing paste specimens increased with curing time
(3 days to 56 days), with compressive strength values
34.5-120.2% higher at 56 days of curing than at 7 days of
curing. This increase may be due to the pozzolanic reac-
tion of the cement paste components at later curing days,
which formed extra hydration product and improved the
compressive strength results. As shown in Fig. 5 a, the
paste samples containing 40% CT by volume exhibited
the highest compressive strength at 56-day (86.2 MPa),

Table 2 Mix proportions of

. 3 Mixtures w/b OPC GGBFS FA SF Tailing Water SP
tailing paste (kg/m”)

0.12T0.4SO0F0 0.12 1080 0 107 0 958 257 21.4
0.12T0.5S00F0 0.12 778 0 133 0 1198 253 21.1
0.12T0.6S00F0 0.12 476 0 160 0 1437 249 20.7
0.12T0.5S10F0 0.12 700 78 133 0 1198 253 274
0.12T0.5S30F0 0.12 545 233 133 0 1198 253 27.4
0.12T0.5S50F0 0.12 389 389 133 0 1198 253 274
0.16T0.5S00F0 0.16 601 0 133 0 1198 309 19.3
0.20T0.5S00F0 0.2 452 0 133 0 1198 357 0

0.12T0.5S30F5 0.12 545 233 133 105 1198 253 332
0.12T0.5S30F10 0.12 545 233 133 211 1198 253 46.4
0.12T0.5S30F15 0.12 545 233 133 316 1198 253 60.6

Note: aTxSyFz with: a—w/b ratio, x—tailing and FA volume, y—GGBFS content, z—silica fume content
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Fig.5 Compressive strength of tailing paste samples. a Effect of tailing and FA. b Effect of w/b ratio. ¢ Effect of GGBFS content. d Effect of SF

content

while the 50% and 60% CT mixtures exhibiting respec-
tive strengths of 67.9 MPa and 48 MPa. This result indi-
cates that the compressive strength of tailing paste was
significantly reduced with increased CT volume due to the
low pozzolanic activity of the tailing and fly ash particles
contributing less to the hydration process [36—38]. On the
other hand, higher amounts of tailing particles increased
the pore structure of the paste samples due to the negative
effect of coarse tailing particles, which increased the criti-
cal pore diameter and reduced the mechanical properties
of the cement paste specimens [39]. Besides, the larger
CT volume reduced the content of cement (as shown in
Table 2), leading to lower Ca(OH), content levels, which
affected hydration rate and strength development in the
paste samples [40].

In addition, the w/b ratio was found to affect compressive
strength significantly. As shown in Fig. 5b, increasing the
w/b ratio from 0.12 to 0.16 and then 0.20 decreased 56-day
compressive strength results from an initial 67.9 MPa to
57.4 MPa and then 34.2 MPa, respectively. Lower w/b ratios
reduced water content and increased cement content, which
contributed to completed compaction, adequate curing of
paste samples, and, subsequently, better strength values.
Furthermore, modification of the tailing paste with by-prod-
ucts was found to affect strength development in the paste
specimens positively. As shown in Fig. 5c, increasing the
GGBEFS content remarkably influenced compressive strength
in the paste samples, with large declines in early curing ages.
In later ages, the paste samples with 10% GGBFS exhib-
ited slightly increased strength compared with the control

@ Springer



1272

Journal of Material Cycles and Waste Management (2022) 24:1267-1280

mixture containing no GGBFS. This finding is likely due to
the support by the GGBFS particles of the pozzolanic reac-
tion at later curing ages. At higher levels of GGBFS replace-
ment (30% and 50%), strength values declined, respectively,
to 60.3 MPa and 37.4 MPa at 56 days of curing age, com-
pared to 67.9 MPa in the control mixture without GGBFS.
The reduction in OPC content and the lower reactivity of
the GGBFS particles compared to OPC retarded the cement
paste hydration process, leading to the presentation of large
un-hydrated particles, which reduced compressive strength.
Previous study, Hwang and Lin [41] illustrated that the both
of level of GGBFS content and the age of curing time affect
to the compressive strength of concrete samples. The com-
pressive strength of GGBFS concrete (the replacement up
to 40%) was comparable with normal concrete at 28-day of
curing and continuously increased with curing time. Similar
to other studies [42, 43], adding 5% SF was found in this
study to significantly improve compressive strength at all test
ages, increasing the amount of SF content beyond this level
(i.e., to 10% and 15%) did not enhance strength development
at early curing ages, even no strength within three days of
curing. At later curing ages, incorporating SF addition had
a beneficial influence to the compressive strength with an
exceeding that of the control and the optimum amount of SF
content at 5%. The contribution of SF to strength develop-
ment may be explained by the high amorphous silica content
of SF, which reacts with calcium hydroxide in OPC and
GGBFS hydration products to form secondary C—S—-H gel.
Moreover, SF may be considered as a filler material that
increases the packing of the solid phase in the cement paste
structure and improves strength [44]. However, the incor-
poration with higher SF content (10 and 15%) reduced the
compressive strength of paste samples compared with 5% SF
level because of increasing water requirement and SP con-
sumption. As shown in Table 2, incorporating 10% and 15%
silica fume significantly increased SP amount, which may

affect the hydration reaction and hardened matrix of paste
specimens, resulting in lower compressive strength [42, 45].

Thermal conductivity

To assess the hardened property of paste samples, thermal
conductivity (TC) was measured at 7, 28, and 56 days of
curing to evaluate the heat transfer by conduction through
the paste specimens. In general, the microstructure and
thermal characteristics of the components of a material
significantly affects its TC results, with higher conductiv-
ity values indicating greater structural density and higher
TC values for its constituents [46]. In this study, the TC
result, showing increasing values over time, is presented in
Table 3. The volume of hydration reaction gels increased
with curing age, filling in the air voids, densifying the
microstructure of the paste matrix, and increasing TC [47].
In terms of the effect of level of CT content, increasing the
volume of CT to 40%, 50%, and 60% resulted in higher
TC values of 1.30 W/m*k, 1.49 W/m*k, and 1.57 W/m*k,
respectively, at 28 days of curing age. This result reflected
an opposite trend with compressive strength, which
showed reduced compressive strength with the addition
of more CT ash content. Higher compressive strength was
associated with greater TC in a previous study [48], infer-
ring that the mine tailings alone are responsible for the
increase in thermal conductivity of paste samples [34]. In
addition, increasing the w/b ratio affected TC negatively.
As shown in Table 3, the TC at 56 days of curing declined
from 1.54 W/m*k to 1.41 W/m*k and 1.34 W/m*k with
the w/b at 0.12, 0.16, and 0.20, respectively. The high
water content is attributable to the presence of voids which
retained water after hydration [49, 50], thus reducing the
solid phase of paste specimens as well as reducing the TC
value with an increasing water to binder ratio. Further-
more, the modification of the GGBFS resulted in thermal

Table 3 Thermal conductivity

- Mixtures Thermal conductivity (W/m*k)
results of tailing paste
7-day Standard 28-day Standard 56-day Standard
Deviation Deviation Deviation
0.12T0.4SO0F0 1.29 0.01 1.30 0.02 1.35 0.03
0.12T0.5SO0F0 1.46 0.02 1.49 0.02 1.54 0.01
0.12T0.6SO0F0 1.54 0.02 1.57 0.02 1.54 0.00
0.12T0.5S10F0 1.25 0.04 1.33 0.02 1.36 0.01
0.12T0.5S30F0 1.20 0.05 1.19 0.02 1.22 0.01
0.12T0.5S50F0 1.21 0.03 1.18 0.02 1.19 0.02
0.16T0.5SO0F0 1.36 0.03 1.38 0.00 1.41 0.03
0.20T0.5S00FO0 1.23 0.04 1.25 0.01 1.34 0.05
0.12T0.5S30F5 1.34 0.01 1.38 0.07 1.40 0.03
0.12T0.5S30F10 1.26 0.04 1.33 0.013 1.34 0.07
0.12T0.5S30F15 1.16 0.01 1.15 0.01 1.17 0.03
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conductivity decreasing over the entire range of substi-
tution across curing age. The GGBFS showed the latent
hydration reaction and lower hydraulic activity index [51],
which may be used to discuss the compressive strength and
TC reduction in this study. Finally, using SF to modify the
tailing paste significantly increased the TC testing results.
As shown in Table 3, the TC results improved significantly
with the addition of SF up to 10% and declined with the
addition of 15% SF to a level that was below the control
mixture without SF content. Thus, the mixture with 5% SF
exhibited the highest TC. This result parallels the result
for compressive strength, which significantly increased
with SF level. The high hydraulic activity index of the
amorphous silica in SF particles improves the pozzolanic
reaction and structural density. Moreover, the fine particles
of SF increased the packing of the solid phase by filling in

Age (days)
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the spaces between cement grains and improving the TC
of paste specimens [44, 52].

Ultrasonic pulse velocity (UPV)

UPYV analysis was used in this study to assess the quality
of paste samples by identifying the voids, cracks, and uni-
formity in internal structures. UPV test results have been
used in many studies as an indicator of concrete and mor-
tar specimen durability. Typically, UPV and compressive
strength are associated, with higher UPV values corre-
sponding with greater compressive strength [11, 53]. The
UPYV testing results for this study are shown in Fig. 6, with
values increasing over curing time and rising relatively
more quickly during the later curing ages, reaching a range
of 3471-4520 m/s at 56 days of curing age. These results
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Fig.6 UPV results of tailing paste samples. a Effect of tailing and FA. b Effect of w/b ratio. ¢ Effect of GGBFS content. d Effect of SF content
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illustrate that UPV decreased significantly with increased
CT volume and increased w/b ratio. Higher CT ratio and
higher w/b ratio were shown to correspond with greater
porosity and reduced the solid phase, which significantly
affected the UPV results. Moreover, the lower cement con-
tent also affected the hydration process, which may also have
contributed to the lower compressive strength and UPV val-
ues of the paste samples [54].

The modification of GGBFS and SF significantly
affected the UPV of the paste specimens. At early ages,
using GGBFS as a partial replacement for OPC negatively
affected UPV, with reductions ranging from 3.1 to 7.9% at
10% to 50% GGBFS content. However, after 28 days of cur-
ing, the 10% GGBFS mixture exhibited the highest UPV
result of all GGBFS levels. This performance correlates with
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Water absorption (%)
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the compressive strength result. In addition, the use of SF
improved the UPV results of the paste specimens remark-
ably, with UPV values 0.02% to 2.3% higher at 56 days
of curing age for specimens incorporating 15% to 5% SF,
respectively. This performance is explained by the amor-
phous nature of SF leading to the progressive formation of
additional C—S—H gels, which increases the solid phase and
densifies the paste samples, thus improving compressive
strength and UPV results [55].

Water absorption
The water absorption (WA) test results for the paste mix-

tures at 28 and 56 days of curing age, illustrated in Fig. 7,
show an expected decline with age. The water absorption
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Fig.7 Water absorption of tailing paste samples. a Effect of tailing and FA. b Effect of w/b ratio. ¢ Effect of GGBFS content. d Effect of SF

content
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of paste specimens is related to the internal pore structure
and formation of cracks, which are, respectively, associated
with the hydration process and the reactivity of the compo-
nents. The development over time of the microstructure due
to the hydration reaction increased compressive strength and
reduced porosity and water absorption in the paste speci-
mens [11]. As shown in Fig. 7a, higher volumes of the CT
mixture increased water absorption. At volumes of 40%,
50%, and 60% of the paste samples, WA was 5.53%, 6.43%,
and 7.69%, respectively, at 56 days of curing age. The low
reactivity of FA and tailing particles may contribute sig-
nificantly to the higher porosity structure and water absorp-
tion results in the specimens with higher CT volumes [56].
In addition, the reduction of cement content affected the
hydration process and reduced the density of paste speci-
mens, which may be another factor underlying the higher
WA results in samples with higher volumes of CT [57].
Furthermore, increasing the w/b ratio was found to increase
the water absorption results significantly. Mixtures with w/b
ratios of 0.16 and 0.20 respectively exhibited WA values of
8.7% and 11.2% at 56 days of curing age, which were signifi-
cantly higher than the WA value of mixture 0.12T0.5SO00F0
(6.43%). The mixture without slag content (0.12T0.5SO0F0)
was further modified with different proportions of GGBFS
and SF content to improve paste specimen properties. As
expected, these specimens exhibited slightly reduced water
absorption at higher levels of GGBFS content because the
GGBEFS particles, which are finer than those of OPC, filled
in the micro pores in the cement paste that would otherwise
be available to absorb water [58]. At 56 days of curing age,
the water absorption of paste specimens was 6.43%, 6.42%,
6.22%, and 5.49% at 0%, 10%, 30%, and 50% GGBFS
replacement, respectively. Moreover, using SF significantly
improved the microstructure and reduced the water absorp-
tion of the paste mixtures. As detailed in Fig. 7d, the paste
samples modified with different levels of SF exhibited
20.7-32% less water absorption than the paste without SF
content, with the 5% SF sample returning the lowest WA
value and 10% and 15% SF samples showing slightly higher
WA values. The role of SF in water absorption is explained
by its filling in of pore structures and its effect on the poz-
zolanic reaction. This finding for WA agrees with the above-
mentioned findings for compressive strength performance.

Sulfate attack resistance

Cementitious materials generally expand when they react
with environmental sulfate due to their gypsum and ettrin-
gite, which promotes deterioration of the material and
harms the long-term performance of paste samples [59].
Typically, the sulfate ions react with hydration products
in cement, resulting in expansion, cracking, spalling, and
concrete strength loss or mass change [6, 11]. In this study,

the 28-day paste specimens were immersed in Na,SO4-5%
concentration and the mass change performance of the paste
specimens was measured using 10 wetting and drying cycles
to evaluate sulfate resistance. As presented in Fig. 8, the
mass of all of the tailing paste specimens had increased after
10 cycles. The raw materials contributed to the pozzolanic
reactivity between the cementitious materials with sodium
sulfate solution to create more hydration gels, which resulted
in a denser microstructure and increased mass [11, 60, 61].
The effect of CT volume was insignificant, although higher
volumes resulted in mass gain, as shown in Fig. 8a. In addi-
tion, the high w/b ratio specimens exhibited a sharp drop in
mass after the first round and then steadily increased through
subsequent rounds, while, the mass of the 0.12T0.5S00F0
mixture (w/b at 0.12) increased continuously. This difference
may be explained by the steady evaporation of the high water
volume retained in the higher w/b ratio samples after the first
burning cycle, which decreased the mass of the tailing paste
specimens. Moreover, the specimens with higher levels of
GGBFS content exhibited more significant gains in mass
due to the slow reaction of GGBFS and remained the high
amount of un-hydrated particles, which reacted with sulfate
environment to increase the mass. In addition, the effect of
SF on mass change of paste samples is shown in Fig. 8d.
The mass increased at the first cycle and became stable with
testing time. The good pozzolanic reaction of SF particles
resulted in their dense and discontinuous pore structure [42,
62], which prevented the movement of sulfate ions attack
and reduced the formation of ettringite and gypsum in the
paste matrix, resulting in a stable weight of paste specimens.

SEM images’ observation

In this study, the microstructure of the paste specimens was
observed using secondary electron microscope (SEM) imag-
ing of the paste specimens at 28 days of curing age. These
SEM images, shown in Figs. 9 and 10, highlight the differ-
ences in morphological and microstructural features of the
hardened paste samples modified by various admixtures. As
shown in Fig. 9, the fine fly ash particles of different sizes,
which were scattered throughout the paste matrix, blended
with the hydration gels of C—S—H or C—A-S-H to support
the further compaction of microstructure of the paste sam-
ples. Increasing the volume of tailing and fly ash reduced the
density of the microstructure, resulting in higher numbers
of entrapped air voids and un-hydrated particles due to their
low pozzolanic reactivity [25]. In addition, increasing the
w/b ratio increased water retention, with water gathering
around un-hydrated particles, increasing matrix porosity
(Fig. 10a and b). Adding GGBFS to reduce the use of cement
was not found to reduce compression strength significantly.
Thus, the paste samples exhibited essentially the similar
features using 30% GGBEFS to replace OPC, as displayed in
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Fig. 10a and c. Finally, adding SF remarkably improved the
morphology of the paste specimens. Furthermore, in line
with the compressive strength results, the filling effect and
high pozzolanic reactivity of the SF particles remarkably
increased the structural compactness of the specimens, as
shown in Fig. 10d [25, 63].

Conclusions

The following conclusions may be drawn from the results
of this investigation:

1) The compressive strength of tailing paste increased over
curing time to 34.2-86.2 MPa at 56 days of curing age.

@ Springer

2)

3)

Lower compressive strength was associated with the
incorporation of higher volumes of tailing and fly ash,
higher GGBFS ratios, and higher w/b ratios. The tailing
paste specimens that were modified using 5% silica fume
exhibited significantly improved compressive strength.
The thermal conductivity of tailing paste increased
with increasing tailing and FA volume, while thermal
conductivity decreased with increasing GGBFS con-
tent and w/b ratio. In addition, the 5% SF specimen
improved thermal conductivity of paste sample. How-
ever, high SF content level negatively affected the TC
value of the specimens with added tailing paste.

The UPV and water absorption results for the tailing
paste samples exhibited an inverse trend, with the UPV
values improving (to 3471-4520 m/s at 56 days of cur-
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Fig. 9 SEM images of tailing paste with different tailing content volumes. a 40% volume of tailing and FA, b 50% volume of tailing and FA, ¢
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4)

5)

ing age) and water absorption decreasing with curing
age. Increasing the tailing and FA content, GGBFS
level, and w/b ratio did not improve to the UPV result
and increased water absorption. The 5% SF specimen
achieved a better UPV result with a reduction in water
absorption.

Tailing paste performed well under sulfate attack. After
the series of 10 wetting—drying immersion cycles in
sodium sulfate solution, the mass of the tailing paste
increased due to the pozzolanic reaction between the
cementitious materials and the sodium sulfate solution.
The SEM analysis found that the tailing paste exhibited a
homogeneous and compacted microstructure at 28 days
of curing age. Lower structural density was found at
higher levels of tailing and fly ash volume and at higher

w/b ratios. Partially replacing 30% of OPC with GGBFS
did not affect the microstructure significantly. Finally,
adding 5% SF improved the microstructure and the hard-
ened properties of tailing paste samples significantly.

The use of high-volume mine tailing in the manufactur-
ing of composite binder has a usually detrimental impact
on the characteristics of the paste specimens. However,
the tailing paste samples with modified by-products exhib-
ited good hardened properties and sulfate attack resist-
ance. This study demonstrated proficiency in using a high
volume of mine tailing with by-products in a composite
binder, performing good properties, and eventually giving
a solution for sustainable development.
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