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ABSTRACT: The growing scarcity of natural sand and the increasing environmental cost of cement manufacturing
have led to a growing interest in the use of industrial by-products as constituents of concrete. This study
investigates fine nickel slag (FNS) and gold tailings (GT) as partial replacements for fine aggregate and cement,
respectively, in conventional concrete, with the dual objective of reducing mining and metallurgical waste
generation and reducing pressure on virgin resources. In Indonesia, the minimum compressive strength of
concrete for residential use is 21 MPa. The possibility of fulfilling this criterion to the advantage of the
environment and economy was investigated by replacing 5-25% of the cement and sand with GT and FNS. Having
characterized the physical and chemical characteristics of the raw materials, six concrete mixes, a reference, and
GT5 to GT25, were made and evaluated for workability, compressive and tensile strength, porosity, and gas
permeability. Workability was drastically reduced with the substitution levels. The slump value decreased from
80 mm for the control mix to 26 mm for 25% replacement. Similarly, compressive strength decreased, but the
best result among the replaced mixes was GT5, with 38.03 MPa at 28 days, comfortably exceeding the Indonesian
requirement. The tensile strength also exhibited a similar decreasing pattern, with the maximum reduction at
25% replacement. In summary, it is proposed that FNS and GT may be implemented in the standard concrete
manufacturing with acceptable structural performance and therefore provide a more sustainable and waste-
conscious method.
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1. INTRODUCTION the search for alternatives to both aggregates and
binders has been intensified, so that dependence on
As construction is accelerated around the world, virgin natural resources can be reduced without
concrete is still relied upon as the backbone of structural performance being compromised.
building. It is valued for being durable, adaptable, A parallel opportunity is also offered by the
and fairly inexpensive, and for that reason, it is used mining and metallurgical sectors, where by-products
everywhere from homes to transport networks to such as ferronickel slag and gold tailings are
industrial sites. This dependence, however, is paid generated in large volumes. As the world’s largest
for at an environmental cost. When ordinary nickel producer, Indonesia itself is left with more
concrete is produced, large amounts of natural sand, than 13 million tons of nickel slag each year, much of
gravel, and portland cement are consumed, and the which is simply left underused in disposal sites,
making of that cement is recognized as one of the where the risk of heavy-metal leaching and water
biggest sources of carbon emissions, while pollution is raised whenever it is poorly treated [3].
considerable damage is also done to the landscape. A similar legacy has been inherited from gold mining,
The tension is felt most sharply in rapidly urbanizing where enormous quantities of tailings are piled up,
countries such as Indonesia, where building demand often laced with chemical residues that must be
keeps being driven upward even as riverbanks are looked after for the long term. When these materials
eroded, and biodiversity is lost in the regions where are put to use as mineral additives or as a substitute
aggregates are extracted [1][2]. Because of all this, for aggregate in concrete, two problems can be
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tackled at once: the environmental burden of waste
disposal is eased, while some of the pressure on
natural aggregate extraction is relieved [4][5][6][7].
It is this twofold benefit that has driven a growing
body of research into the use of nickel slag and gold
mine tailings as functional replacements for the
natural materials normally relied upon in concrete
production.

Nickel slag, which is itself produced as a
byproduct of nickel smelting, has been given
particular attention as a replacement for both fine
and coarse aggregates. Its angular particle shape,
high density, and crystalline microstructure have
been found to contribute favorably to strength
development [8][9], and when optimized
substitution levels are used, improved flowability
and mechanical performance have been observed in
self-compacting and high-performance concrete
mixtures [1]. Taken together, these findings point to
a material by which natural aggregates may be
replaced without structural integrity being lost.

A complementary potential is offered by gold
tailing (GT). Because the material carries a chemical
profile rich in silica, alumina, and other oxides, it is
found to be widely compactible with cementitious
materials. Considerable interest has been drawn to
the clean use of this waste stream, which is regarded
as a sustainable way of managing it [10]. In several
experiments, it has been shown that part of the
cement or fine aggregate can be substituted by GT,
by which particle packing is improved, and the
environmental impact of concrete manufacturing is
reduced [7][11]. In a similar vein, it was reported by
Chen et al. [8] that mechanical performance is
enhanced when gold tailings are incorporated into
concrete at an optimum ratio, although workability
and hydration can be adversely affected when the
replacement level is set too high. Nickel slag, when
used as coarse aggregate, has also been shown to
carry the potential for compressive strength to be
increased as the slag concentration is raised, and for
that reason, it can be relied upon as an alternative to
gravel [11]. This body of work, taken together, has
identified gold tailings as a potential choice for low-
carbon cementitious and additional cementitious
applications [12][13].

Besides the conventional concrete, ferronickel
slag used as fine aggregates has enhanced the
properties of self-compacting concrete in both fresh
and hardened states, strengthening the argument
for its use as a viable material for sustainable
construction [9][14]. Similar industrial by-products
incorporated in geopolymer concrete have also
shown high compressive strength and durability in
various construction works [15].

However, there are still substantial gaps in the
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literature. Nickel slag and gold tailings have been
mostly examined individually. Not many studies have
been carried out to study the effects of these
materials while replacing cement and fine aggregate
concurrently. The conventional, non-geopolymer
concrete applications are still underexplored,
particularly those regulated by Indonesian structural
standards that require a minimum compressive
strength of 21 MPa for residential buildings.
Comparative research on the combined effects of
FNS and GT on durability indicators such as porosity
and permeability, which ultimately regulate long-
term performance, is also rare.

Together, these findings confirm that recycling
ferronickel slag into concrete production already
provides established environmental, economic, and
even mechanical benefits over traditional aggregates
[4][16][17], a track record that strengthens the case
for testing it alongside gold tailings in the present
study.

Based on this, the present study analyzes the
combined use of fine nickel slag (FNS) as a substitute
for fine aggregate and gold tailings (GT) as a partial
substitute for cement, in comparison with a
reference concrete mix (Ref). The 5-25%
substitution range was selected to encompass the
levels most frequently cited as effective in the nickel
slag and gold tailings literature. Below 5%, the
environmental and economic benefit of waste
utilization becomes marginal, while substitution
levels beyond 25% have been associated in previous
studies with disproportionate losses in workability
and strength that compromise practical applicability.
Within this range, the combinations are designated
as GT5, GT10, GT15, GT20, and GT25, by which the
simultaneous replacement of 5%, 10%, 15%, 20%,
and 25% of the cement by GT and of the sand by FNS
is represented. The workability, compressive
strength, tensile strength, porosity, and permeability
of the mixes are then evaluated, so that the
substitution level by which structural performance
and sustainability objectives are best balanced can
be identified.

The novelty of this work is its simultaneous multi-
waste substitution strategy, its direct relevance to
Indonesia’s waste utilization policy, and its
contribution to understanding how mixed
metallurgical and mining by-products interact within
a single concrete matrix at the mechanical and
microstructural level. Besides the immediate
findings, the study gives practical guidelines for
sustainable building practice to reduce strain on
natural resource extraction, while promoting
ecologically responsible waste management.

The rest of this paper is organized as follows:
Section 2 presents the research significance of using
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FNS and GT as simultaneous substitutes, Section 3
describes the materials, experimental design, and
mix proportions used in this study, Section 4 reports
and discusses the results of workability, mechanical,
and durability testing, and Section 5 concludes with
the key findings and recommendations for future
research.

2. RESEARCH SIGNIFICANCE

The novelty of this research is not only to
consider fine nickel slag (FNS) and gold tailings (GT)
together as partial replacement of cement and fine
aggregate in conventional concrete, but also that it
is considered separately as in previous studies.
Considering the investigated replacement levels, the
5% mixture (GT5) is the most balanced one,
providing the maximum compressive strength of the
substituted mixes, while lowering the dependency
on virgin resources and the mining waste. These
results provide a feasible, sustainable technique for
concrete manufacturing and add fresh evidence to
the mechanical and durability behavior of multi-
waste mixed concrete.

3. EXPERIMENTS AND METHODS
3.1 Materials

The experimental design used the Indonesian
National Standard. [18]. Method for determining the
appropriate cement-concrete ratio by substituting
equal quantities of cement with gold tailing (GT) and
fine nickel slag (FNS). This permits a systematic study
of the effect of GT and nickel slag on altering the
properties of concrete. The composition was created
using GT and nickel as a reference in normal concrete
mixes. The proportions of the mix are listed in Table
3 where GT and Nickel are used as replacements for
cement and sand up to 25%.

A concrete mixer is used to mix gravel, sand,
cement, GT, and FNS for 1 min before water is added
to make a homogeneous concrete. Then, a
workability test is performed using the slump test
technique with Abrams’ cone, according to ASTM
C143/C143M-15 [19]. The liquid is then poured into
the mold and allowed to set for 24 hours. It is then
water cured (water curing) for 7, 14, or 28 days. Then
it is evaluated for its compressive and tensile
strength for 28 days.

3.2 Experimental Design
Sieve analysis is a fundamental civil engineering

test conducted as per ASTM C136/C136M [20] to
find the particle size distribution of aggtegated. In
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this test, a sample of dry aggregate is sent through a
stack of sieves with mesh sizes decreasing in size
from coarse to fine. Each sieve captures particles in
a certain size range, and the material collected on
each sieve is computed and shown. This is called a
gradation curve. This test helps to evaluate the
aggregate’s appropriateness for usage in concrete,
asphalt, and other building products. Generally, a
well-graded aggregate with a combination of varied
particle sizes offers superior compaction, stability,
and strength in building applications as indicated in
Table 1 [1]. The specific gravity test, performed
according to ASTM C128 [21], is used to assess the
density of aggregates compared to water.

The test procedure is to oven-dry a sample of
the aggregate, weigh the sample, and then soak it in
water for 24 hours to obtain a state that is saturated
surface-dry (SSD). The surface moisture is then
removed, and the sample is reweighed in the SSD
condition. Next, the sample is submerged in water
and weighed once more. The specific gravity is
calculated from the sample’s dry weight together
with the difference between its SSD and submerged
weights, as given in equation (1)

®

where F is specific gravity, C is the weight of the
sample (g), and E is the weight of the water (g)
computed by E = D - B, where D is the combined
weight of the flask, sample, and water (g) and B is the
combined weight of the sample and flask (g).

Two (2) specimens were examined for each
material to produce an average value, as shown in
Table 1

Table 1. Specific gravity of FNS

Experiment Unit FNS FNS
(Test 1) (Test 2)

Flask Weight (A) g 224 224
Sample and Flask (B) 724 724
Weight
Sample Weight (C=B-A) g 500 500
Flask, Sample, (D) g 1055 1055.8
and Water
Weight
Water weight (E=D-B) g 331 311.8
Specific Gravity (F=C/(C-E) g 2.958 2.972
Average 2.9656

The bulk density of fine nickel slag was evaluated
in accordance with ASTM (C29/C29M [22] by a
standard test method. The empty container was
weighed first and then filled to the full with fine
nickel slag and weighed to get the final
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measurement (Table 2). The bulk density may be
calculated from the obtained weights according to
equation (2):

E—D 2
=1 (2)

where E is the bulk density (g/cm3), D is the
weight of the sample (g), computed as D=C-B, where
Cis the weight of the sample and container together
(g), and B is the weight of the empty container (g),
and A is the capacity of the container (cm?3).

Table 2 shows the average value obtained from
testing two (2) specimens.

Table 2. Results of the bulk density test of FNS

Experiment FNS FNS
(Test 1) (Test 2)

Container Volume (A) 2002 2002
Container Weight (B) 774 774
Sample and Container () 4743.4 4746.4
Weight
Sample Weight (D=C-B) 3969.4 3972.4
Bulk Weight (E=D/A) 1.982 1.984
Average 1.983

3.3 Capacity for water absorption

The Water Absorption Capacity test is shown in
Table 3. The water absorption test is important for
civil engineering to find out the quantity of water
that a material, usually aggregate, can absorb. In this
test, the aggregate is oven-dried to eliminate all
moisture and then weighed. The sample is then
immersed in water for 24 hours to achieve complete
saturation. The material is weighed again in SSD
condition after removing the surface moisture.
Water absorption % is calculated as the difference
between dry and SSD weights according to ASTM
C128 [21] using equation (3):

D
x 100

(3)

where E is the water absorption capacity (%), C is
the weight of the sample before drying (g), and D is
the weight of the sample after oven drying (g).

This test is used to find out the porosity and
water holding capacity of the aggregate, which
affects the workability, durability, and strength of
concrete. Mix designs may require changes with high
water absorption aggregates to guarantee optimal
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hydration and performance. Two (2) specimens were
evaluated to get an average result as shown in Table
3.

Table 3. Results of water absorption of FNS

Experiment Unit FNS FNS
(Test 1) (Test 2)

Pan Weight (A) g 654 654
Sample and Pan (B) 1654 1654
Weight
Sample Weight (C=B-A) g 1000 1000
Dry Sample (D) g 991.2 991.6
Weight
Water Absorption  (E=C-D/D) g 0.888 0.847
Capacity
Average % 0.867

3.4 Moisture content

The Moisture Content test is an important test in
civil engineering that determines the quantity of
water in materials such as soil or aggregate. For this
study, the procedure followed ASTM C566 [23]. A
Sample is weighed first while still wet, then placed in
the oven and dried at a set temperature until its
weight no longer changes. From these two readings,
the moisture content is worked out as a percentage
of the dry weight, following equation (4):

_ Wwet — Wdry

MC = Wdry x 100

C)

where MC is the moisture content (%), Wwet is
the weight of the wet sample (g), and Wdry is the
weight of the oven-dried sample (g).

This test is crucial since the moisture content
impacts the behaviour of the material, especially its
compaction, strength, and stability in building
projects. Controlling moisture is vital to the
performance of materials like concrete, soil, and
asphalt in different building uses.

3.5 Gold Tailings

To properly substitute cement with gold tailing,
GT should be as near as feasible to the cement
composition, which is Ca0O, SiOz, and Al20s. The key
components of Portland Cement are as follows. The
industrial statistics on the main components of gold
tailings show that GT is quite comparable to cement,
at least in terms of practicality for the research
(Table 4) [25]. Furthermore, the material must
conform to certain standards about human safety,
for example, the restrictions on the amount of parts
with lead [26]. Here comes the analytical report of
Gold Tailing (GT).
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Table 4. Cement, Gold Tailing (GT), and Fine Nickel
Slag (FNS) compounds

Compounds OPC GT (%) FNS (%)
[24]

CaO 63.2 13.54 24.71
SiO2 18.45 15.50 41.24
Al203 4.96 3-8 9.69
Fe,03 2.86 2-4 1.71
MgO 3.52 1-5 19.29

Na;0+K.0 0.31 1-3 0.41
SOs 2.18 0.3-1.5 0.9

Table 5. GT and FNS Elements of Toxicity Leaching
Procedure Test (TCLP)

Limit the US GT FNS
Elements EPA
[mg/L] [mg/L] [mg/L]
Arsenic 5 0,01 0.5
Barium 100 0.09 35
Cadmium 1 0.09 0.15
Chromium 5 0.08 2.5
Lead 5 7.9 0.5
Mercury 0,2 0.01 0.05
Selenium 1 0.01 0.5
Silver 5 0.01 5

Lead content in the gold tailings has been
reported to be higher than the USEPA regulation
limit, and is therefore, a possible health and
environmental hazard (Table 5). It should be noted
that this TCLP result is for the raw gold tailings
material before encapsulation in the cement matrix.
Once bound in hardened concrete, heavy-metal
leachability is generally lower due to the alkaline
pore environment and physical confinement.

Fig. 1 Results of the packing density test of GT5
(28]
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This mitigating effect has not been directly
verified in the present study by TCLP testing of the
hardened concrete itself. Hence, the use of GT-
substituted concrete for in-field application is not
advisable at this stage due to the high lead
concentration in the raw material unless additional
TCLP verification is performed on the hardened
concrete and, if necessary, an appropriate
stabilization treatment is utilized to maintain
leachability below the USEPA limit [26]. The optimal
water to cement ratio was determined to be higher
than that of OPC as GT absorbs more water than OPC
[12]{27] (Fig. 1).

3.6 Concrete Mix Design and Documentation

Now, in Figure 2, real images are provided
depicting the entire experimental technique, from
raw material preparation to physical property testing,
concrete mixing and casting, and mechanical and
durability testing. Two (2) specimens per material
were subjected to aggregate characterisation tests
(specific gravity, bulk density, and water absorption)
to get an average result. For each of the concrete
mixtures (Ref, GT5, GT10, GT15, GT20, and GT25),
three (3) specimens were prepared per batch for
each of the mechanical and durability test
parameters (compressive strength, splitting tensile
strength, porosity, and gas permeability) as per the
standard practice of testing replicates to guarantee
the reliability of the results.

Mix design based on the absolute volume

method as per AClI 211.4R for high-strength
concrete. The reference mixture (Ref) was
constructed of 488.10 kg/m®* cement, a

water/cement ratio of 0.42, 770.9 kg/m® natural
sand, and 881.0 kg/m3 gravel, and a polycarboxylate
superplasticizer at 1% of binder weight to provide
workability at this low w/c ratio. The cement was
replaced by gold tailings (GT) and natural sand by
fine nickel slag (FNS) at equal weight basis and
simultaneously at the same percentage, in the range
of 5% to 25% (GT5 — GT25). For example, in mixture
GT5, the cement mass is replaced by 5% of GT, and
simultaneously, the sand mass is replaced by 5% of
FNS. For all combinations, the binder concentration,
w/c ratio, superplasticizer dosage, and the amount
of gravel were maintained constant. The ratios of
cement-GT and sand-FNS were changed only with
the replacement level. The fine aggregate content
was rectified volumetrically for the varied specific
gravities of GT (2.56), FNS (2.96), cement (3.155) and
sand (2.53). The total volume of each combination
was 1 m3 with a 2% presumed entrapped air. Total
batch quantities are shown in Table 6.
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Raw materials used in this study

(a) FNS (b) Natural coarse aggregate

Physical property testing of aggregates

(a) Sieve analysis

\ ¢
;MA

(b) Bulk density

Concrete mixing and casting process

(a) Compressive (b) Tensile

(c) Natural fines aggregate

(c) TCLP analysis

(@) 6T

(e)orc

c) Specific gravity

(e) Samples of concrete
after curing

(d) Porosity

(e) Permeability

Fig. 2 Experimental Documentation (Preparation materials, Physical property testing, Concrete mixing, and

Mechanical and durability testing)

Table 6. Mix Design of the tested concrete (in kg/m?)

Concrete Binders Fine Aggregates Coarse Water SP w/c ratio

Mixture OPC GT Natural FNS aggregate
Ref 488.10 0 764.90 0 881 205 4.881 0.42
GTS 463.69 24.41 727.62 38.30 881 205 4.881 0.42
GT10 439.29 48.81 690.25 76.69 881 205 4.881 0.42
GT15 414.88 73.22 652.79 115.20 881 205 4.881 0.42
GT20 390.48 97.62 615.24 153.81 881 205 4.881 0.42
GT25 366.08 122.03 577.59 192.53 881 205 4.881 0.42

4. RESULTS AND DISCUSSIONS
4.1 Workability

Material testing findings of concrete binders
produced specific gravities of 3.155 for OPC and 2.56
for GT cement correspondingly. The material testing
findings of concrete ingredients included specific
gravity, moisture content and absorption. The
findings of specific gravity of Fine aggregates, coarse
aggregates and Fine nickel slag (FNS) were found to
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be 2.53, 2.54 and 2.96 accordingly. The values of
water content and coarse aggregate were 2.53% and
0.78% respectively. Coarse aggregate absorption
2.86, 2.81. Fine aggregate The European Federation
for specialized construction chemicals and concrete
systems (EFNARC) [29]. Testing for workability.

The results of workability are shown in Figure 3,
where the slump value was further reduced with
increasing the replacement percentage of gold
tailing (GT) and fine nickel slag (FNS) from 5% to 25%.
The control mixture showed the largest droop value
while the workability was minimum for the GT25
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combination. The reduction in slump is largely due to
the higher water absorption capacity and different
particle texture of GT and FNS compared to regular
cement and natural sand. The higher the
replacement percentage, the more mixing water was
used by the substituted elements. This decreased
the amount of free water present in the concrete
mix, resulting in a stiffer consistency. Moreover, the
roughness and angularity of the FNS increased the
internal friction between particles, which led to a
decrease in flowability. These results are consistent
with prior studies, which have revealed that
industrial waste materials with strong absorption
properties impact the workability and slump
performance of concrete [8][9][27].

90

80

70

60

50

40

Slump (mm)
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20

10

0

Ref GT5 GT10 GT15 GT20 GT25

Concrete Mixtures

Fig.3 Workability of Concrete with GT and FNS
Replacements

4.2 Concrete Compression Test

The compressive strength test was performed
according to ASTM C39/C39M [30] on three (3)
cylindrical specimens per batch for each concrete
mixture. The compressive strength was computed as
per equation (5):

|

fle = (5)

where f'c is the compressive strength (MPa), P is
the maximum applied load (N), and A is the cross-
sectional area of the cylindrical specimen (mm?).

As demonstrated in Figure 4 and Table 7, the
compressive strength gradually decreased with the
rise in the combined GT-FNS substitution level, from
42.27 MPa in the reference combination to 23.55
MPa at 25% replacement. It seems that the two
materials are working through different paths that
end up reinforcing one another. With GT used in
place of cement, the available binder thinned out,
and since more water is demanded by it, the
intended water-to-cement ratio is thrown off. With
FNS used in place of sand, a rougher and more
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angular surface is brought in, and by this, the bond
between the aggregate and the paste is weakened.
When these effects are put together, hydration is
made less efficient, and the matrix is left more
porous, so in the end, the compressive strength is
brought down. Even so, only a minimum strength of
21 MPa is asked of Indonesian residential concrete,
and this limit was passed comfortably by every mix,
GT25 included, so it can be said that GT and FNS are
still dependable as structural substitutes across the
whole range that was tested [13][17].

Table 7. Compressive and tensile strength results at
28 days

Concrete Compressive Tensile Strength
Variations Strength (MPa)
(MPa)
Ref (OPC) 4227 14.90
GT5 38.03 14.26
GT10 36.63 12.35
GT15 31.02 11.33
GT20 24.66 10.53
GT25 23.55 8.79
50.00
45.00 @ 7 Days
40.00 [l 14 Days
35.00 @28 Days

30.00
25.00
20.00
15.00

Compressive Strength (MPa)

10.00
5.00

0.00 L ==

Ref GT5 GT10 GT15 GT25

Concrete Mixtures

Fig.4 Concrete compressive strength

GT20

The splitting tensile strength test was conducted
as per ASTM (C496/C496M [31] on three (3)
cylindrical specimens for each batch per concrete
mixture. The splitting tensile strength was computed
as per equation (6):

_ 2P
ft=—5 (6)

where ft is the splitting tensile strength (MPa); P
is the maximum applied load (N); L is the length of
the specimen (mm), and D is the diameter of the
specimen (mm).

Similarly to the compressive strength, the tensile
strength also decreased with the increase in the
substitution level of gold tailings (GT) and fine nickel
slag (FNS), where the reference mixture (Ref)
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achieved the highest tensile strength of 14.90 MPa,
and GT25 obtained the lowest value of 8.79 MPa,
reflecting the same FNS-induced bond weakening
and GT-induced hydration disruption as observed for
compressive strength. It is noteworthy that the
tensile to compressive strength ratio obtained
(approx. 35% for the reference mixture) is higher
than the typical 8-12% reported for normal weight
concrete; while this may partly be due to the specific
geometry of the specimens and curing conditions
used in this experimental programme, it is a finding
that deserves further validation in subsequent
testing campaigns. However, even at modest
substitution levels, tensile strength performance
was commensurate with sustainable concrete
applications documented in the literature [9][32]
despite the decrease with substitution.
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Concrete Mixtures

Fig.5 Tensile Strength Results

GT20 GT25

4.3 Porosity Test

Porosity in concrete is a major indication of its
internal structure and durability. It immediately
affects the permeability, mechanical characteristics,
and environmental resilience of the material. In this
work, the porosity test was carried out in accordance
with ASTM C642 [33] to determine the effect of fine
nickel slag (FNS) and gold tailings (GT) as partial
replacements for cement and sand on the pore
structure of concrete. Three (3) concrete specimens
per batch were cured for 28 days to evaluate total
porosity. The concrete specimens were then oven-
dried at 105°C for 24 hours to eliminate free
moisture. The dried samples were weighed (dry
weight, Wd) and then soaked in water for 24 h. The
specimens were weighed in the saturated surface-
dry state (SSD weight, Wssd) and in the totally
submerged condition (submerged weight, Wsub)
after immersion. The porosity (¢) was determined
using the following equation (7):

Wssd — Wd

0, -
o (%) Wssd — Wsub

x 100 )
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This test was carried out on all of the concrete
mixes, the control (Ref) as well as the GT5-GT25
variants. The results are presented in Fig. 6, and
Table 8, and a gradual rise in porosity is shown as the
GT and FNS substitution levels are increased. The
lowest porosity was recorded for the control sample,
which had a denser matrix, whereas the greatest
porosity was found in GT25. Here, too, the two
materials appear to be acting through different
pathways. Because of GT’s higher water demand,
extra capillary pores are left behind as the surplus
water is evaporated during curing, while because of
FNS's irregular, angular particle shape, compaction is
disrupted and more voids are created at the paste-
aggregate interface.

The increase in porosity that was observed is in
line with the earlier work of Chen et al. [8] and
Juenger et al. [17], by whom it was found that the
void content can be raised when industrial by-
products are over-substituted, owing to less-than-
ideal particle packing and a higher uptake of internal
moisture. However, the lowest porosity was
recorded for the control sample, which had a denser
matrix, whereas on of GT5 showed an acceptable
porosity, fulfilling the standards of structural-grade
concrete, while presenting advantages in terms of
sustainable material.
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Concrete Mixtures

Fig.6 Porosity Test Results

Table 8. Porosity test results of concrete at 28 days

Concrete Variations Porosity (%)

Ref (OPC) 6.746
GTS 6.871
GT10 7.382
GT15 8.237
GT20 8.718
GT25 8.845

4.4 Permeability Test

The permeability test is very important for the
assessment of the durability of concrete, especially
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when using alternative materials such as fine nickel
slag (FNS) and gold tailings (GT). If a concrete has a
high gas permeability, this is an indication that there
is a well-linked pore network. Water, chlorides, and
other aggressive agents can permeate via this
network, and this will ultimately lead to an
accelerated degradation of reinforced concrete
buildings. The test was performed to assess the
effect of adding FNS and GT on the gas permeability
of concrete, using the RILEM-CEMBUREAU
technique specified by RILEM TC 116-PCD [34]. Three
(3) cylinder concrete specimens (150 mm diameter x
50 mm height) were produced for each mix variation,
comprising control (OPC) and replacement levels of
5%, 10%, 15%, 20%, and 25%. After 28 days of water
curing, the specimens were oven-dried to constant
mass and sealed in the permeability cell. Oxygen gas
was delivered at the unflet face at five absolute
pressure levels (150, 200, 250, 300, and 350 kPa) and
the steady state volumetric flow rate at the exit, at
atmospheric pressure (101.325 kPa), was measured
at each pressure level. The apparent gas
permeability coefficient was estimated from the
observed flow rate according to equation (8):

2QPoulL

K= 202 —pop

®)

Where K is the apparent gas permeability
coefficient (m2), Q is the measured outlet gas flow
rate (m3 /s), PO is the atmospheric (outlet) abolute
pressure (Pa), and p is the dynamic viscosity of
oxygen (2.02 x 10-5 Pa.s), L is the specimen height
(m), A is the across sectional area of the speciment
(m2), and P is the applied inlet absolute pressure
(Pa). The stated coefficient for each combination is
the mean of the K values obtained at the five
pressure levels.

From Figure 7 and Table 9, it can be shown that
the gas permeability coefficient rose continuously
with substitution, from 1.093 x 107" m? in the
reference mixture to 2.008 x 10™ m? at 25%
replacement, which is almost double the control
value. Similar to porosity, GT and FNS appear to be
responsible for this increase by complementary
mechanisms: GT's higher water absorption leaves
residual capillary channels behind once excess water
evaporates during curing, while FNS's irregular
particle morphology is less effective at disrupting
pore continuity compared to well-graded natural
sand, and the two create a more interconnected
pore network, which facilitates gas migration.
However, even significant replacement levels still
provided good durability performance for non-
aggressive exposure circumstances.
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These results are in agreement with Han et al. [4]
and Nuruzzaman et al. [9], who found higher
permeability of concrete mixes including industrial
waste due to microstructural alterations and higher
porosity. However, modest degrees of replacement
(up to 15%) still showed adequate performance.
Wang et al. [13] further strengthen this by
highlighting the significance of adjusting the mix
design to achieve a balance of sustainability and
durability in high-performance concrete with tailings
and slags.
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Fig.7 Results of Gas Permeability Test of Concrete
with GT and FNS Replacements

Table 9. Gas permeability coefficient results at 28th
day

Concrete Variations Permeability Coefficient (m?)

Ref (OPC) 1.093 x 107%
GTS 1.196 x 107%*
GT10 1.268 x 107%°
GT15 1.452 x 107%
GT20 1.763 x 107%
GT25 2.008 x 1071

5. CONCLUSION

In this work, fine nickel slag (FNS) and gold
tailings (GT) were utilized to partially replace cement
and sand in concrete to provide a more sustainable
building material. The results showed that the
workability and strength decreased with increasing
substitution levels, but the mixture with 5% FNS and
GT (GT5) had the best performance among all
substitution mixtures, with a compressive strength
of 38.03 MPa after 28 days, which was significantly
above the standard strength used in Indonesian
residential construction. Tensile strength decreased
a little in all the mixes.

The results of this study indicate that industrial
waste materials such as nickel slag and gold tailings
may be reutilized in the manufacturing of concrete
without any adverse effect on quality if used at
optimum quantities. This reduces demand for
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natural resources and provides an environmentally
friendly solution to handle mining waste. This
research helps to the development of greener and
more circular building processes by converting
garbage into a valuable construction input.

However, the high lead content found in the raw
gold tailings prevents recommending field
deployment of GT, replaced concrete without
additional testing. In future work, attention should
be directed toward TCLP testing of the hardened
concrete itself rather than of the raw material itself,
and the long-term leaching behavior together with
the durability under real field-exposure conditions
should be assessed before these mixes are
considered for practical use.
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