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ABSTRACT

This research studied the feasibility of using tailings waste from gold mining as a partial replacement for
cement in standard concrete mixes. Its objective was to determine whether the addition of tailings waste
could meet or exceed the specifications of standard concrete. Another goal of this study was to provide
solutions for the utilization of waste that will benefit the environment and the economy. The tailings
substitutions used in this study were 5%, 10%, 15%, 20%, and 25% of the mix. Their content is similar to
that of cement, including Fe:03 = 8.52%, Al2O3 = 15.50%, and SiO2 = 49.01%. The slump value of
standard concrete was 80 mm and that of concrete with 25% tailings substitution was 55 mm. Ordinary
concrete has a compressive strength between 20 MPa and 40 MPa. The strength of concrete mixes reduced
as the proportion of tailings waste rose, according to tests conducted 28 days after the concrete had aged.
The mix with 10% substitution had the best performance with a compressive strength of 53.32 MPa and a
tensile strength of 3.61 MPa. Although the tailings contain similar compounds to cement, it was shown that
when the amount of tailings that substituted cement in concrete mixes was increased, decreasing values
were observed for workability, compressive strength, and tensile strength. Nevertheless, these decreases
still meet the standard specifications proving that tailings waste can substitute cement in concrete mixes
and produce an environmentally friendly concrete.
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I.  INTRODUCTION

The mining sector generates high waste, such as tailings,
waste rock, and hazardous materials [1, 2]. Indonesia is the
eighth-largest gold producer in the world but generates liquid
and gaseous waste, including acid mine drainage, heavy
metals, dust, and greenhouse gas emissions [3, 8].

The construction industry supports the world’s economy
but faces significant challenges in terms of reducing the
environmental impacts from the cement production, which
creates carbon emissions [9]. The extraction of non-
renewable resources, such as sand, also damages the
ecosystems [10]. As a solution, the construction industry is
adopting sustainable practices by using substitute materials
from industrial waste [11].

It has been shown that the cement production reduces the
non-renewable resources and damages the environment [12].
Tailings that contain compounds, such as silica (SiO) and
calcium oxide (CaO), have the potential to be used as
building materials [13]. Concrete with 5% tailings and 10%
glass chips had a compressive strength of 32.35 MPa after 28
days of age, while concrete with a tailings mixture for
cement replacement had a compressive strength of less than
20 MPa [14]. Although tailings can be used in the
construction industry, it is vital to check whether their
composition includes hazardous waste [15]. It has been
demonstrated that coal mine tailings can be utilized as
building materials and support a circular economy that
provides both environmental and economic benefits [16].

This study investigates the feasibility of utilizing tailings
from gold mining waste as a substitute for cement in
concrete. It examined their chemical and mineralogical
properties, taking into account the environmental
sustainability and circular economy concepts. The aim of this
research is to optimize the concrete formulation in order to
satisfy the structural strength standards and therefore produce

alternative construction materials from gold mining waste.

II. RESEARCH METHODOLOGY

A. Material

The concrete mix design in this study, used Ordinary
Portland Cement (OPC) type 1 cement from Tiga Roda as
the main binder. The fine aggregate was from Quarry sand in
Bogor, while the coarse aggregate was from Holcim crushed
stone in Bogor. The water used had to be clean to support
cement hydration. Viscocrete 3115n superplasticizer was
added at 0.2% to improve the concrete performance. The
Gold Tailings (GT) that were used as a partial cement
replacement were obtained from PT Djoyoline Indonesia.
The particle size analysis of the GT powder was conducted
deploying a standard sieve method. The results showed that
the tailing sample passed through sieve No. 200, indicating
that the particle size was finer than 75 microns.

Although detailed gradation curves are not available, this
fineness suggests that the tailings are within the suitable
range for use as a supplementary material for cement. The
OPC for example, has a similar or slightly finer particle size

distribution, which confirms the compatibility of the tailings
for partial cement replacement in concrete mixtures.

Fig. 1. Sample of GT.

B. Mix Design

The design of the concrete mix was prepared in 6
variations: Ref, GT5, GT10, GT15, GT20, and GT25. The
Ref mix used 100% OPC cement as the binder. The other
variations were concretes with cement substitution from GT
waste of 5%, 10%, 15%, 20%, and 25%, respectively.

All mixes used fine aggregate (sand), coarse aggregate
(gravel), water, and superplasticizer at 0.2% of the total
weight of the binder. The concrete samples were made using
a cylindrical mold with a diameter of 15 cm and a height of
30 cm.

TABLEL  MIX DESIGN OF THE STUDIED CONCRETE
. Ref GT (kg/m®)
Materials | o) 5% | 10% | 15% | 20% | 25%
OPC 488 | 464 | 439 | 415 | 390 | 366
GT 0 2 | 49 | 73 | 98 | i»

Coarse aggregate 881 881 881 881 881 881
Fine aggregate 771 693 | 691 689 687 685
Water 205 205 | 205 205 205 205
W/(C+GT) 0.42 042 | 042 | 042 | 042 | 042
Superplasticizer 0.98 098 | 098 | 098 | 098 | 0.98

C. Experiment
The experiment consisted of 3 stages:

e Assessment of tailings characterization.

e Manufacture of tailings concrete specimens
according to the percentages presented in Table 1.

e Evaluation of workability, durability, and
characterization of tailings concrete.

The X-ray Fluorescence (XRF) testing utilized an Epsilon
5 device to analyze the chemical element composition, while
the Toxicity Characteristic Leaching Procedure (TCLP)
confirmed the absence of heavy metal contamination in the
concrete.
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The compressive strength of the cylinder samples was
evaluated using a 2000 kN digital compression machine after
28 days. The concrete's shear resistance was assessed by
testing its tensile strength. The permeability of the concrete
was determined by applying gas pressure to the concrete
samples. The porosity was calculated based on the weight of
the samples in both dry and water-soaked conditions. Fourier
Transform Infrared (FTIR) Spectroscopy was performed
using a Nicolet IS5 machine to analyze the chemical
structure of the concrete. X-ray Diffraction (XRD) was
conducted with a Bruker machine to identify the crystalline
phase and structure. Finally, Scanning Electron Microscopy
(SEM) with a Jeol JSM-IT200 was employed to examine the
microstructure and chemical composition of the concrete.
These tests were carried out on standard concrete (Ref),
concrete with 10% GT10, and concrete with 25% GT (GT25)
after 28 days, to ensure the quality and safety of the concrete
that was made from GT.

III. RESULTS AND DISCUSSION

A. X-Ray Fluorescence

The XRF test results of GT showed that their main
contents were Fe>O3; (8.52%), AlbOs (15.50%), and SiO»
(49.01%). This is similar to the composition of pozzolanic
cement [17, 18]. Table II displays the composition of OPC
and GT [19].

TABLE IL MATERIAL COMPOSITION TEST TABLE

Parameter OPC (%) GT (%)
Calcium Oxide (CaO) 63.20 13.34
Aluminum Trioxide (Al,O3) 4.96 15.50
Silicon Dioxide (SiO5) 18.45 49.01
Iron Trioxide (Fe-O3) 2.86 8.52
Magnesium Oxide (MgO) 3.52 1.86
Potassium Oxide (K,0) 0.31 0.54
Sodium Oxide (Na,0) 0.15 1.83
Loss on Ignition (LOI) 3.42 8.23
Titanium Dioxide (TiO,) - 0.77
Moisture Content (MC) - 4.96

B. Slump Test (Workability)

The fresh concrete testing was carried out by testing the
slump using an Abrams cone tool under standard conditions
[20]. Figure 2 shows that Ref concrete had the highest slump
value of 80 mm, followed by GT5 (70 mm), GT20 (60 mm),
GT10 (58 mm), and GT25 (55 mm).

This indicates a decrease in workability with the addition
of tailings. These results comply with those of [21]. It is
proposed to substitute no more than 30% of the tailings in
concrete.
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Fig. 2. Results of the slump test conducted using an Abrams cone

apparatus under standard conditions.

C. Compressive Strength of Concrete

The compressive strength tests conducted on concrete
after 7, 14, and 28 days, revealed a decline in all mixes [22].
The GT25 had the most significant loss (44%) and GT10 had
the least (13%).

Figure 3 exhibits that at each test age, Ref concrete had
the best compressive strength, whereas GT concrete
fluctuated. At 28 days, Ref concrete reached 60.39 MPa,
while GT25 only 33.65 MPa. In general, GT concrete
exceeded the standard of 30 MPa at 28 days. Specifically, the
GT10 concrete had the highest compressive strength among
the GT mixes, showing the pozzolanic effect at 10% tailings
[23, 24]
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Fig. 3. Effect of GT on the compressive strength of concrete.

D. Tensile Strength of Concrete

The tensile strength test is calculated based on [25]. The
results, as illustrated in Figure 4, showed that the Ref
concrete had the highest tensile strength (3.73 MPa), while
the tensile strength of all concretes with tailings decreased.
The GT20 had the lowest value (2.20 MPa) and GT10 the
highest (3.61 MPa). This confirms the fact that the
replacement of cement with tailings reduces the tensile
strength of concrete [26, 27].
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Fig. 6. Permeability coefficient results after testing using an air

Fig. 4. Tensile strength results (at 28 days) after testing with a digital
concrete compression machine.

E. Porosity of Concrete

The concrete porosity testing can be calculated as shown
in [28]. Figure 5 demonstrates the increase in the porosity of
concrete with the addition of GT. The GT25 concrete (25%
tailings) exhibits the highest porosity of 9.729%, while the
Ref concrete has a porosity of 8.237%. This indicates that
there are more voids in GT25 concrete than in standard
concrete, which is in line with studies showing that more
than 15% tailing substitution increases the voids in 28-day-
old concretes [29, 30].

10.00
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9.00

8.50

Porosity (%)

Ref GT 5 GT 10 GT 15 GT 20 GT 25
Mix ID

Fig. 5. The results of the porosity of concrete.

F. Permeability Of Concrete

The permeability tests (at 28 days of concrete age) were
conducted using specimens of 150 mm diameter, 50 mm
height, and a varying water pressure from 0.15 N/mm? to
0.35 N/mm?2 for 20 sec [31].

As illustrated in Figure 6, the highest permeability
coefficient was found in GT25 concrete (2.28156 x 10-°),
while the lowest was found in Ref concrete (1.09259 x 10-°).
These results indicate that the more tailings there are in the
mix, the higher the permeability value is [32, 33].

permeability apparatus.

G. Fourier Transform Infrared Spectroscopy

Figure 7 shows a peak at 3406.60 cm™, which indicates a
water-related-OH group. The peak’s intensity is lower in
GT?25 concrete, probably because its content has less water
but increased strength and density [34].

The peak at 1649.50 cm™! indicates the effect of additives
on cement hydration and C-S-H formation. The peak at
1397.15 cm! related to carbonate (CaCOs) is more clear in
GT concrete, probably due to the additives that accelerate the
carbonation. The peak at 865.77 cm™ indicates a more
vigorous C-S-H formation in GT10 and GT25, which
contributes to the concrete's strength [35].

The 418.74 cm’', 599.71 cm, and 708.59 cm™' peaks,
indicate an increase in silicate and aluminate phases in GT25
concrete that make it stronger and more resilient [36].

This FTIR analysis shows that the additives in GT
concrete improve the concrete's mechanical properties and
durability when compared to the Ref concrete.

Transmittance (%)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Fig. 7. FTIR of GT10, GT25, and standard concrete as reference (Ref).

H. X-ray Diffraction

Figure 8 presents the XRD analysis of Ref, GT10, and
GT25 concrete. It is clear that Albite minerals have the
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highest peaks at 22.05°, 23.11°, and 28.15° [37]. The peak at
28.15° shows a decrease in intensity for GT10 and GT2S5,
possibly due to the dilution effect and the chemical
interaction with the concrete matrix. Kaolinite minerals were
detected at the 35.57°, 39.56°, 53.28°, and 60.08° peaks in
small amounts, while Quartz increased at the 26.51° peak in
GT10 and GT25. Portlandite minerals demonstrated a
decrease in intensity at the 17.96° peak due to a reaction with
silica tailings to form a C-S-H phase [38]. Hydroxyapatite
minerals are stable at the 10.44° and 11.62° peaks, while
Calcite disappear at the 57.61° peak, possibly due to
transformation or dissolution [39]. Magnetite mineral
remains are detectable in all samples.

Albite

Calcite
Hydroxylapatite
Kaolinite
Magnitite
Portlandite
Quartz

o
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G125
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200°)

Fig. 8. XRD Pattern.

1. Scanning Electron Microscopy

The SEM testing was conducted at the BRIN (National
Research and Innovation Agency) laboratory with a Jeol
JSM-IT200 machine to determine the microstructure and
surface morphology of the concrete. It was performed on Ref
concrete, GT10, and GT25. All concrete samples were aged
for 28 days. Additionally, the SEM testing was performed on
samples with GT powder. The 28-day-old concrete samples
were crushed using a compressive strength machine, and
SEM was then utilized to test the broken samples, which had
a maximum thickness of 2.5 cm.

The SEM results revealed significant morphological
differences in GT10 concrete compared to the Ref concrete.
They were all characterized by a coarser structure and higher
porosity, as shown in Figure 9(b). The GT25 concrete in
particular, exhibited a more porous morphology with particle
aggregation and uneven distribution, as displayed in Figure
9(c).

Figure 10 presents the results of the Elemental
Distribution Analysis (EDS), which showed an increase in O
content to 52.07%, with a decrease in Na, Si, and Al. There
was also an increase in Ca to 30.20% indicating that there
was a reaction between the tailings and the cement paste in
order to produce calcium carbonate compounds [40]. The
decrease in Si and Al indicates a reduction in the C-S-H
phase that affects the compressive strength of concrete,
whereas the rise in calcium makes concrete more resilient to
chemical damage [41, 42].

Crack

©)

Fig. 9. Morphology and mineral crystal analysis of SEM results: (a)
Reference, (b) GT10, (¢) GT25.
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Fig. 10.  Elemental distribution from SEM-Mapping on samples of: (a)
Reference, (b) GT10, and (c) GT25.

The EDS results in GT25 concrete exhibited a decrease in
the Ca content. This outcome suggests that excess tailings
inhibited the calcium reactivity and the efficiency of C-S-H
formation was reduced. The increase in Si and Al, indicates
the formation of another silicate phase that can improve the
chemical resistance but potentially reduce the mechanical
strength of concrete.

Mg o Si

Fig. 12.  EDS from SEM-Mapping on GT samples.

The addition of tailings as a partial replacement for
aggregate or cement in concrete, can improve density and
sustainability [43]. The SEM analysis of the tailings powder,
as depicted in Figure 11, showed a layered structure with
dense particle aggregates which filled the micropores of the
concrete. The EDS analysis, as evidenced in Figure 12,
revealed basic contents, such as O (45.06%), Si (22.16%),
and Al (12.61%), which could potentially form C-S-H
compounds, thus strengthening the concrete's compressive
strength. The optimum tailings addition percentage to
increase the density and durability of concrete, without
significantly reducing the mechanical strength, is below
10%.

J. Toxicity Characteristic Leaching Procedure

At 28 days of age, GT25 concrete and GT went through a
TCLP testing. The GT demonstrated high Pb levels (7.9
mg/L), which were above the permissible limit of 3 mg/L.

In GT25, the Pb concentration was under 0.01 mg/L,
remaining far below the permissible limit. These results
demonstrate that GT waste may be used successfully for

sustainable concrete production.
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TABLE III. TCLP TEST RESULTS FOR GT25 CONCRETE
AND GT
Parameter Unit GT GT25 Perlflls‘smle
concrete limit
Lead mg/L 7.9 <0.01 3

IV. CONCLUSIONS

This research evaluated the use of Gold Tailings (GT)
waste as a partial substitution of cement in concrete mixtures
with various proportions (5%, 10%, 15%, 20%, and 25%). A
series of thorough tests were carried out, including the
chemical characterization of the material, Toxicity
Characteristic  Leaching Procedure (TCLP) testing,
evaluation of concrete's physical and mechanical properties,
and microstructure analysis through Fourier Transform
Infrared (FTIR) Spectroscopy, X-ray Diffraction (XRD), and
Electron Microscopy-Elemental Distribution Analysis (SEM-
EDS).

The results showed that GT contain a chemical
composition similar to that of pozzolanic materials (Fe.O; at
8.52%, AL20s at 15.50%, SiO: at 49.01%). This indicates that
there is a potential for GT to become a partial replacement
for cement. A key finding of this study was the determination
of the optimum percentage of GT usage (10-20%) that could
maintain a compressive strength above 30 MPa, despite the
reduction in workability. FTIR and XRD analyses detected
the formation of C-S-H phases which led to increased
strength. The SEM-EDS analysis in GT25 concrete showed a
change in shape along with a decrease in calcium content.

One of the advantages of this research is that it proves
that concrete using GT has very low Pb levels (<0.01 mg/L),
making it environmentally safe. Finally, the novelty of this
research lies in the fact that by applying GT as a concrete
additive, it has been proven that up to a 10% substitution, the
result is not only feasible and safe, but also supports
sustainable development and promotes the concept of green
concrete.
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