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Abstract: This study explores the use of secondary gold tailings (SGTs) in concrete production to
solve sand sustainability issues. This approach addresses waste issues and presents a sustainable
material alternative to conventional sand, investigating different SGT proportions (ranging from 0%
to 100%) to replace fine aggregate in structural concrete. This study examined the fresh, mechanical,
and durability properties of concrete containing SGTs. Incorporating SGTs reduced the concrete’s
workability, but up to a 75% replacement level resulted in a high fresh concrete density compared
with the reference concrete. The results indicated that up to 25% replacement level increased the
compressive strength and up to 50% replacement level improved the splitting tensile strength
compared with reference concrete. However, all concretes containing SGTs exhibited satisfactory
strengths. The statistical analysis confirmed the significant influence of SGTs on concrete strength. In
addition, the durability results of the concrete demonstrated good resistance to oxygen, water, and
chloride penetration, indicating good concrete quality. SGTs are recommended as a substitute for
crusher sand to reduce production costs, conserve natural resources, and promote a sustainable and

greener environment.

Keywords: secondary gold tailings; concrete; workability; compressive strength; oxygen permeability;
water sorptivity

1. Introduction

Concrete is an important construction material because of its strength, durability,
and versatility. It comprises cement, aggregate, water, and admixture, with aggregate
constituting 65-80% of its volume. Notably, fine aggregate accounts for around 30% of
the aggregate, indicating its substantial use in concrete production [1,2]. Fine aggregate
(sand) is important in mortar and concrete production, playing a key role in mix design [3].
The properties and proportion of fine content in sand significantly impact the concrete
composition [4]. Sand contributes a mass of particles capable of resisting applied loads,
ensuring prolonged durability compared with cement paste alone. Thus, sand assumes
a crucial role in enhancing the solidification and strength of concrete [5]. Sand influences
the relationship between cement paste and aggregates [4]. It fills the pores between coarse
aggregate particles, stabilizing concrete mixtures. This results in well-packed particles
and good bonding within the concrete matrix, impacting fresh concrete properties and the
strength and durability of hardened concrete [6]. The properties of the sand determine the
surface texture of concrete, influencing the concrete’s interface with construction materi-
als [7]. Since sand is an important component of concrete, its sustainability is worthy of
consideration.

The sustainability of sand in concrete production poses a challenge. Natural sand used
for concrete production is extracted from natural deposits like rivers, dunes, alluvial plains,
and beaches. Relentless extraction due to the extensive use of sand in concrete production
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depletes natural sand reserves and natural sand regeneration is insufficient to offset the
extraction rate. Furthermore, sand mining disrupts ecosystems, lowers water tables, causes
erosion, alters topography, and destroys vegetation [8]. Therefore, to sustain the supply of
sand for concrete production, the construction industry has turned to quarrying natural
rock, producing manufactured sand or crushed sand. However, producing crushed sand
from natural rock consumes 3.0 x 106 GJ of energy and releases 260 x 106 Kg CO,, adding
to greenhouse gas emissions [9]. In addition, it causes pollution, landscape destruction,
and disruption of local biota [10]. To address sand production problems, researchers in
the construction field have proposed using solid waste as a partial or full substitute for
sand [11]. Solid wastes investigated as sand substitutes for producing sustainable concrete
include iron lathes, glass waste, and waste foundry sand [12-14].

Tailings are solid waste from mining, produced when extracting valuable minerals
from ores. Globally, rapid industrial growth has increased annual tailings production.
South Africa produces 315 million tons annually, with 105 million tons from gold extraction,
resulting in over 1.7 billion tons of stockpiled gold tailings [15-18]. As mining activities
have rapidly increased, high-grade ore deposits have steadily decreased. The gold mine
grade is projected to decline from 3—4 g/t in 2012 to 1 g/t by 2050 [19]. Some stockpiled gold
tailings in South Africa are being reprocessed to recover the remaining minerals and further
reduce their toxic substances. This generates “secondary gold tailings”, finer grains stacked
up without a noticeable decrease in the tailings volume, as shown in Figure 1 [15,20].
Research has demonstrated that effective metals and other useful components can be
recovered from gold tailings, using combined floatation processes [21]. Moreover, the
levels of toxic substances in gold tailings that undergo further processing are lower than
those that do not [22]. Therefore, some expected oxides and metals in reprocessed gold
tailings (secondary gold tailings) might be lower in content or absent. However, the land
disposal of tailings poses issues [23]. It leads to pollution, costly construction, and constant
maintenance, consumes extensive land, and negatively impacts nearby mining areas eco-
nomically [24]. Tailings, a challenge in the mining industry, now demand efficient use for
sustainable mining growth. Their properties, including paste fluidity and mechanical be-
havior, make them viable for engineering and construction materials [25,26]. Research has
explored their potential as concrete aggregates, emphasizing the crucial need to repurpose
them for industrial advancement [27].

Figure 1. Stockpiled secondary gold tailings from the Fairview Mine in Barberton, Mpumalanga,
South Africa.
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Similar to other types of tailings, gold tailings have the potential to substitute sand to
produce sustainable concrete. Reddy et al. [28] found that replacing up to 30% river sand
with gold tailings improved concrete strength. Preethi et al. [29] reported that 20% river
sand replacement with gold tailings produced suitable strength, advocating for their use in
concrete to conserve sand, reduce pollution, and promote environmentally friendly and
economical practices. Ahmed et al. [30] utilized 60% gold tailings in place of quartz sand
in ultra-high-performance concrete and noticed increased strengths and reduced water
absorption. Their findings indicate that gold tailings enhance the strength of concrete, are
eco-friendly, and are cost-effective when utilized in mining environments. Balegamire
et al. [31] observed similar compressive strengths in concrete with river sand and with
gold tailings. They proposed using gold tailings as a sand replacement for better living
conditions in mining areas. Song et al. [32] reported that substituting up to 40% river
sand with gold tailings improved concrete’s strength and durability in terms of water
absorption and chloride ion permeability, with the best performance at a 30% substitution
level. They concluded that substituting river sand with gold tailings in concrete can reduce
the dependence on river sand, significantly improving resource sustainability.

Most of the research has predominantly examined the strength performance of concrete
made with gold tailings, overlooking durability [27]. Durability properties such as oxygen
permeability index, water sorptivity index, and the chloride conductivity index of concrete
containing gold tailings have not been reported in the literature. These properties are
good indicators of the durability performance of concrete and are worthy of consideration.
Furthermore, previous research has focused on using gold tailings as a substitute for river
sand, while their use as a replacement for manufactured sand in concrete has rarely been
documented. Additionally, the utilization of secondary gold tailings as a sand substitute in
concrete has not been reported. Therefore, this study aims to advance sustainable growth
in the construction and mining sectors by using secondary gold tailings (SGTs) to replace
crusher sand in the production of green concrete. The investigation examined the fresh,
mechanical, and durability properties of the concrete.

2. Experimental Work
2.1. Materials

In this study, SGTs and andesite crusher sand served as fine aggregates; their visual
appearance is shown in Figure 2. SGTs were collected from the Fairview Mine in Barber-
ton, Mpumalanga, South Africa. Andesite crusher sand was procured from the Afrisam
Plant in Johannesburg, South Africa; its manufacturer specifications complied with SANS
1083:2014 [33]. The physical properties of the two fine aggregates such as density, fineness
modulus, water absorption, and particle size distribution were assessed consecutively
according to the South African Standard [34,35]. The density test was performed using a
pycnometer density analyzer. A weighed empty pycnometer was filled with fine aggregate,
weighed, and recorded. The test was run at room temperature, and measurement values
were recorded automatically after the pycnometer containing fine aggregate was placed
into the density analyzer apparatus connected to a gas cylinder.

The particle size distribution of the fine aggregates was determined by sieve analysis.
The fine aggregate was poured into a nest of stacked sieves with a size of 4.75 mm at the
top and 0.075 mm at the bottom, installed in a mechanical sieve shaker. After shaking the
sieve for 15 min with the mechanical sieve shaker, the fine aggregate was separated into
size fractions based on sieve apertures. The fine aggregates retained on each sieve and
the one in the sieve receiver were weighed and recorded. The fineness modulus of the
fine aggregates was obtained using sieve analysis. Additionally, the water absorption test
was conducted using the pycnometer. The saturated surface dried of fine aggregate of a
specific weight was poured into the weighed pycnometer, which was then filled with water.
The mixture was stirred to eliminate air voids and the pycnometer containing the mixture
was weighed and recorded. The fine aggregate was transferred to a clean container with a
known weight after water removal. The fine aggregate in the container was oven-dried for
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24 h at 100 °C. The oven-dried fine aggregate was measured and recorded, and the water
absorption was computed using Equation (1).

Mg — Mp

% Abs =
%o Abs Mp

x 100 1)

where Abs represents the water absorption, Mg represents the mass of the saturated surface-
dried fine aggregate, and Mp represents the mass of the oven-dried fine aggregate.

Secondary gold tailings

Figure 2. The visual appearance of secondary gold tailings and andesite crusher sand.

Also, the mineral composition of the fine aggregates was investigated using X-ray
diffraction (XRD). This was performed using a Malvern Panalytical Aeris with a PIXcel
detector and Fe-filtered Co-Ko radiation. The sample was tested at a step size of 0.02° at
a scanning rate of 0.5 s/step. The X'Pert Highscore plus software identified the phases
and the Rietveld method was used to estimate the relative phase amounts (weight %).
Scanning electron microscopy (SEM) was used to examine the chemical composition and
microstructure of the fine aggregates. This was conducted using the ZEISS Merlin FE SEM
device. The device combines ultra-fast analytics with high-resolution imaging, enabling a
wide range of beam flexibility from a voltage of 20 V to 30 kV and beam currents of 7 pA to
40 nA. An energy-dispersive X-ray (EDX) unit installed on the device was used to analyze
the elemental composition of the fine aggregates. The results of the examined properties
are presented in Section 3.

In this study, plain Portland cement (PC) of strength class 52.5 (CEM I 52.5 R) was
utilized. This cement was sourced from the Afrisam Plant in Johannesburg, South Africa,
and the manufacturer’s specification conformed with SANS 50197-2:2011 [36]. Type C
fly ash was used as a cement extender, with the manufacturer’s specifications following
SANS 50450-1:2014 [37]. A Sika ViscoCrete 3088 superplasticizer, composed of an aqueous
solution of modified polycarboxylate conforming to BS EN 934-2:2009 [38], was utilized to
enhance the workability of the mixture without the need for additional water. In addjition,
tap water was used as mixing water. In this study, andesite crushed stone of size 19 mm
(uniformly graded) was used as a coarse aggregate. The material was sourced from the
Afrisam Plant, Johannesburg, South Africa, and the manufacturer’s specifications followed
SANS 1083:2014 [33].

2.1.1. Mixture Proportion

The concrete mixture proportions were determined using the volumetric mix design
method established by the Cement and Concrete Institute (C&CI) in South Africa, to design
a reference concrete of strength grade 35 MPa. As shown in Table 1, six mixtures were
prepared with a constant water—cement ratio of 0.5. The concrete slump considered in
the design ranged from 75 to 150 mm. Quantities of water, crushed stone, cement, and
fly ash remained constant across the mixture proportions. A constant 70-30% blend of
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plain Portland cement and fly ash (PC-FA) was used, chosen based on South African
practice and supported by previous studies showing satisfactory durability and strength
performance [39].

Table 1. Mix proportions for 1 m® of concrete samples.

Binders (kg/m?) Aggregates (kg/m?)
Mix Label Andesite C.rushed Andesite Secondary Wateg W/C SP Doosage
PC FA Stone (Uniformly Crusher Gold (kg/m”) (%)
Graded 19 mm Size) Sand Tailings

GTO0 294 126 1084 842 - 210 0.5 0.06
GT10 294 126 1084 757.8 84.2 210 0.5 0.078
GT25 294 126 1084 631.5 210.5 210 0.5 0.85
GT50 294 126 1084 421.0 210 210 0.5 1.23
GT75 294 126 1084 210.5 631.5 210 0.5 1.58
GT100 294 126 1084 - 842 210 0.5 1.96

Andesite crusher sand and SGT proportions varied across mixture proportions, de-
pending on the replacement levels of 0%, 10%, 25%, 50%, 75%, and 100% of the crusher
sand volume. Designations GTO0, GT10, GT25, GT50, GT75, and GT100 denote the concrete
mixture proportions, with GTO representing the reference concrete in this study. SGTs
replaced the andesite crusher sand according to the listed replacement levels. The replace-
ment levels were at 25% intervals. The 10% replacement level was included to determine
the behavior of concrete containing a small portion of SGTs. Also, the superplasticizer (SP)
doses varied from 0.06% to 1.96% of the cement weight, determined according to the SGT
content in the mixes.

2.1.2. Specimen Preparation

Based on the mix design, six batches of concrete mixture proportions were prepared
within a temperature range of 22 °C to 25 °C, conforming to SANS 5861-1:2006 [40]. The
six batches of concrete were designated as GT0, GT10, GT25, GT50, GT75, and GT100,
respectively. GTO was the first batch, representing the reference concrete. GT0 contained
only andesite crusher sand, while the remaining five batches contained varying portions of
SGTs based on the replacement levels. The dry materials were mixed for 1 min, followed
by continuous mixing with water and superplasticizer for another 1 min. Subsequently, the
slump and fresh concrete density tests were conducted. After the tests, cubic specimens
(100 x 100 x 100 mm3 were cast for the mechanical properties and durability tests. After
24 h, specimens were demolded and cured in water at 22 °C to 25 °C until 7, 28, 56, and
90 days of curing, for subsequent testing.

2.2. Fresh Concrete Tests

The slump test was carried out for each of the concrete proportions following SANS
5862-1:2006 [41], using a slump cone with dimensions of 300 mm height, 100 mm top
diameter, and 200 mm base diameter. Also, the fresh concrete density was measured and
calculated for each concrete proportion, in conformity with SANS 6250:2006 [42].

2.3. Compressive Strength and Splitting Tensile Strength Tests

Specimens’ compressive strength and splitting tensile strength were determined using
a cube press-foot CTE 56-1216 FTP compression testing machine and an Amsler compressive
strength testing machine of capacity 2000 kN, respectively. The tests were conducted in
conformity with SANS 5863:2006 [43] and SANS 6253:2006 [44], respectively with a testing
speed set at 0.3 MPa/s. For each test, three specimens from each mixture proportion at
curing ages of 7, 28, 56, and 90 d were tested, taking the average strengths as the test results.
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2.4. Durability Tests

Durability tests were conducted on the specimens, based on the South African durabil-
ity index (DI), namely, oxygen permeability, water sorptivity, and chloride conductivity. The
DI assessed the quality of the concrete specimens regarding the transport of gas, moisture,
and chloride after 28, 56, and 90 days of curing, complying with South African standards
for the procedures [45]. Concrete discs with a diameter of 70 = 2 mm and a thickness of
30 + 2 mm cut from 100 x 100 x 100 mm? specimens were used for the three tests. The
preparation of concrete discs from a concrete sample is shown in Figure 3. Four concrete
discs from each mixture proportion at each curing day were tested for each DI test. The
average values of each DI measurement were recorded as the test results. The concrete
discs were subjected to a temperature of 50 &= 2 °C for 7 days in the oven and cooled to
23 + 2 °C before being used for the tests. Four specimens per mixture proportion were
tested for each DI after each curing age.

Figure 3. Preparation of sample concrete disc for durability tests.

2.4.1. Oxygen Permeability Index Test

The oxygen permeability index test was carried out after each curing age, in conformity
with South African standards [45]. Figure 4 shows oxygen permeability index testing. Each
concrete disc was placed in the permeability cell, and oxygen was released into the cell
until the pressure in the cell reached 100 + 5 kPa. Subsequently, the data logging devices
automatically recorded the pressure value at 15 min intervals until the pressure in the cell
was reduced to 50 & 2.5 kPa or until 6 h &= 15 min had elapsed. Based on the pressure and
time results, oxygen permeability was calculated as the negative logarithm of the coefficient
of permeability [45].
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Figure 4. Oxygen permeability cell setup.

2.4.2. Water Sorptivity Index Test

The water sorptivity index test assessed the concrete’s porosity and water absorption
rate after each curing age, in conformity with South African standards [45]. Water sorptivity
index testing is presented in Figure 5. The concrete discs were sealed at the curved sides,
weighed, and the measurements recorded. Afterward, the discs were placed on paper
towels in a tray containing calcium hydroxide solution at 23 4= 2 °C. The unsealed face in
contact with the solution was limited to a 2 mm height above the disc side. The discs were
periodically weighed at 3, 5,7, 9, 12, 16, 20, and 25 min intervals within 10 s of their removal
while still in a saturated and dry-surface condition. The concrete discs were vacuum sealed
at 75 kPa for 3 h £ 15 min, followed by soaking in calcium-saturated water for 1 h £ 15 min
with no air penetration in the vacuum saturation tank, restoring the vacuum to 75 kPa. The
vacuum was released, and the specimens were soaked in the air that penetrated the tank
for 18 £ 1 h. Then, the specimens were saturated dry and weighed. The porosity of each
concrete disc was calculated using Equation (2):

Figure 5. Water sorptivity testing of concrete samples.
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p= Mo = Mo 0 )
Adpy
where n represents porosity, M, represents the mass of the concrete disc saturated with
a vacuum (g), My represents the mass of the concrete disc at the start of the experiment
(g), A represents the concrete disc’s cross-sectional area (mm), d represents the average
thickness of the concrete disc (mm), and py, represents water density (g/mm).
The water sorptivity for each concrete disc was calculated using Equation (3) [45]:

S = _ (3)
My — My
where S represents the water sorptivity of the concrete discs, F represents the best-fit line’s
slope (g/+/h), d represents the average thickness of the specimens (mm), M, represents
the mass of the concrete disc saturated in a vacuum (g), and My represents the mass of
the concrete disc at the start of the experiment (g).

2.4.3. Chloride Conductivity Index

The chloride conductivity index test assessed concrete porosity and chloride diffusion
after each curing age, in conformity with South African standards [45]. The chloride
conductivity testing of a concrete sample is shown in Figure 6. Concrete discs were sealed
in vacuum saturation at 75 kPa for 3 h & 15 min. After that, the specimens were immersed
in sodium chloride (NaCl) for 1 h £ 15 min without air exposure in the vacuum saturation
tank, restoring the vacuum to 75 kPa. The vacuum was released, and the specimens were
soaked in air that penetrated the tank, for 18 £ 1 h. Then, the specimens were saturated
dry, weighed, and placed in a chloride cell with 5M NaCl in both chambers consecutively.
Using a 10 V DC power supply, current and voltage were measured simultaneously via
an ammeter and voltmeter. The chloride conductivity for each disc was calculated using
Equation (4) [45]:

id
= VA @)
where ¢ represents the specimen’s chloride conductivity (mS/cm), i represents electric
current (mA), d represents the concrete disc’s mean thickness (cm), V' represents voltage
difference (V) and A represents the cross-sectional area of the concrete disc.

g

Figure 6. Chloride conductivity testing of concrete samples.
3. Results and Discussion
3.1. SGT and Andesite Crusher Sand Characterization

The elemental compositions of SGTs and andesite crusher sand are presented in Table 2,
indicating that SGTs had a higher SiO,, Al;O3, and K;O content than andesite crusher sand.
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This is attributed to the higher percentages of Si, K, Al, and O in SGT, resulting from the
presence of muscovite [46,47]. The absence of Na, Ca, Cl, and S indicates the absence of
NayO, CaO, CIO,, and SO3 in the SGTs. However, these oxides were found in the gold
tailings used in studies by Mashifana and Sithol [22], Chen et al. [19], and Song et al. [32],
indicating that reprocessing of gold tailings led to the absence of these oxides in SGTs.
Moreover, CaO, which usually participates in hydration reactions, was absent in SGTs in
the current study, suggesting that these SGTs might not generate extra calcium silicate
hydrate (C-5-H) in concrete [48]. However, CaO was found in the gold tailings used in the
study by Song et al. [32], generating more hydration products. Also, the absence of SO
and ClO, in SGTs suggests that the SGTs are relatively inert. The absence of some oxides in
SGTs suggests that some metals and other useful components have been recovered from
the gold tailings used in this study.

Table 2. The elemental composition of secondary gold tailings and crusher sand.

Element Percentage by Weight of Percentage by Weight of Andesite
Secondary Gold Tailings (%) Crusher Sand (%)

Si 20.96 8.78

Fe 0.54 2.56

Al 8.11 1.58

Mg 0.35 0.8

Na 0.00 0.4

K 8.06 0.56

@) 59.33 42.34

Ca 0.00 26.58

Cl 0.00 0.1
S 0.00 0.58

C 2.65 15.76

Gold tailings where gold had been further recovered were alkaline and posed no threat
of acidic discharge [49]. This suggests that SGTs generated from reprocessed gold tailings
are alkaline, as confirmed by the absence of acidic sulfides in SGTs, and poses no risk of
leaching. This is consistent with the findings in the study by Ahmed et al., [30] which
reported that gold tailings had lower concentrations of heavy metals than the permissible
limit, attributed to their alkaline nature. According to Mashifana and Sithol [22], the
gold tailings used in their study were further processed, and it was reported that gold
tailings posed no risk of heavy metals leaching due to low concentrations of heavy metals
compared with the regulatory limits. This indicates that SGTs have low concentrations of
heavy metals, leading to the conclusion that SGTs pose no threat of leaching heavy metal.

Furthermore, according to the XRD results for SGTs presented in Figure 7, the minerals
present in the SGTs were quartz (SiO;), albite [NaAlSi3Og], microcline [KAISi3Og], and
soft minerals such as muscovite [Kal, (AlSi3O10)(FOH);], dolomite [CaMg(CO3),], siderite
[FeCO3], and clinochlore [(Mg,Fe2+)5A12813010(OH)8] [30]. The XRD patterns indicated a
high level of quartz, predominately silicate. This finding is consistent with the research
by Mashifana and Sithol [22], where quartz had the highest peak intensity in gold tailings.
The high quartz composition was due to its dominance in the original gold tailings and
high resistance to physical and chemical weathering and dissolution. The host rock in the
Barberton area, where the current sample was collected, contains up to 50% quartz [22].
This contributed to the high quartz content detected in the SGTs used in this study. The
SGTs had high muscovite content (14%), which might be concentrated in fine particles
of SGTs, resulting from gold tailings reprocessing [50]. The results showed that gypsum
in the SGTs was negligible, explaining the negligibility or absence of CaO in the SGTs.
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Pyrite content is usually found in gold tailings, because gold ore bodies are associated with
pyrite [21,22]. However, pyrite mineral was not detected in the SGTs used in this study,
indicating its recovery during reprocessing. The absence of pyrite in the SGTs suggests that
the SGTs were inert, with no threat of leachability. Pyrite is a sulfide mineral and its absence
explains the negligibility of sulfide in the SGTs, as shown in Table 2 [51]. In addition,
uranium was not detected in the SGTs, indicating that the SGTs were non-radioactive. Also,
the SEM images of the SGTs and crusher sand, shown in Figure 8, show that both fine
aggregates had an angular shape and a porous, rough surface.

30000

20000 —

10000 —

01d Tailings
Quartz low 56.6 %
Albite low 44 %

Clinochlore IIb-2 30 %

Dolomite 34 %

Muscovite 2M1 14.0 %

Siderite 25 %
Gypsum 0.0 %

Microcline (intermediate) 0.3 %

Amorphous 154 %

h ‘L i } d 4 . A ) A b L
L U T D At e e SN
20 30 40 50 60 70

Position [*28] (Cobalt (Co))

Figure 7. XRD pattern of the secondary gold tailings.

ENT = 20004V
WO= 8 Smm

Detector = NTS 85D
Mag= 500X

Figure 8. SEM image of (a—c) the secondary gold tailings and (d) the crusher sand.
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Moreover, the particle size distributions of SGTs and andesite crusher sand and shown
in Figure 9. The proportion of SGTs that passed through 300 um, 150 pm, and 75 pum sieves
was 86%, 66%, and 32%, while the percentage of crusher sand particles that passed through
the same sieves was 20%, 12%, and 5%, respectively. This indicates that the particles of
SGTs were finer than those of crusher sand. The finer the particle size, the higher is the
specific surface area [52]. Therefore, SGTs have a high specific surface area compared with
andesite crusher sand because of their finer particles.

—e—Crusher sand  —#—Secondary gold tailings
100

80 / /

70 = /
60 /

20 //
10 |

10 100 1000 10000
Particle size pm

(%)

g
N

Percentage passin

Figure 9. The particle size distribution of the secondary gold tailings and andesite crusher sand.

It was observed that SGTs had a low density compared with andesite crusher sand;
their true densities were 2.76 g/cm? and 2.94 g/cm3, respectively. Also, SGTs and crusher
sand had bulk densities of roughly 1522 kg/cm? and 2011 kg/cm?, respectively. SGTs’
lower densities could be attributed to their soft mineral content, finer particles, prolonged
weathering exposure, and lower iron content [30,53]. The physical properties of SGTs and
andesite crusher sand are presented in Table 3.

Table 3. The physical properties of secondary gold tailings and andesite crusher sand.

Property Secondary Gold Tailings Andesite Crusher Sand
Fineness modulus 0.66 3.19
Density (g/ cm?) 2.76 2.94
Bulk density (kg/m?) 1522 2011
Water absorption (%) 5.87 3.90
Shape Angular Angular
Surface texture Very Rough Rough

3.2. Workability

The workability of concrete decreased when andesite crusher sand was replaced
with SGTs. As shown in Figure 10, it was observed that when the Sika ViscoCrete 3088
superplasticizer of 0.06%, 0.078%, 0.85%, 1.23%, 1.58%, and 1.96% by weight of cement
was added to the mixes GTO0, GT10, GT25, GT50, GT75, and GT100, respectively, the slump
values increased with the increasing SP dosage in the mixtures. This was because when
the SGT proportion in the mix increased compared with the preceding mixes, the mixture
became stiffer and unworkable with a lower SP dosage. Consequently, when the dosage
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percentage increased, the fluidity increased, making the mix workable and increasing the
slump value. This might be attributed to the increase in muscovite content as the SGT
proportion increased in the mixes. However, the mixes containing SGTs started to change,
becoming more and more rubbery and spongy. As a result, in comparison to the reference
mix, the slump values for 10%, 25%, 50%, 75%, and 100% replacement levels increased by
14%, 7%, 14%, 12%, and 18%, respectively. While the mixes gained cohesion, their increased
SGT content made them stickier and consequently less manageable compared with the
reference concrete. This change might have been due to the rising muscovite content with
increasing SGT proportion in the concrete. Muscovite, being a clay mineral, contributes to
the viscosity of the concrete mixture in its fresh state. The higher the muscovite content
in the concrete, the greater is its viscosity, and subsequently, the higher the slump of the
concrete [54-57].

160 -
140

120 A
100 -
80 -
60 -
40
20 -

0 -

GT10  GT25 GTS0  GT75 GTIOO
Various percentage of the concrete mix

Slump values

Figure 10. Slump value of concrete with and without secondary gold tailings before and after the
addition of superplasticizer.
3.3. Fresh Concrete Density

Figure 11 shows the results for the fresh concrete density of the different mixes utilized
in this investigation. As the SGT proportion increased up to 25%, there was a corresponding
rise in fresh density. The increase can be attributed to the finer particles of SGTs equally
distributed within the concrete, effectively filling the pores and consequently enhancing
the compacted weight [58].

2560 -

2542
2540

2520 2500 2509

2500 { 2488 b

2480

- 2455
2440

2420 1

2400

0% 10% 25% 50% 75% 100%

Fresh concrete density (Kg/m3)
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Figure 11. The fresh density of the concrete mix.
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Nevertheless, beyond the 25% substitution of crusher sand with SGTs, the fresh density
was reduced. This reduction might be ascribed to an excess of SGT fineness within the
concrete mix, leading to the non-uniform dispersion of SGT particles throughout the
mixture. As a result, the compaction decreased because some of the SGT particles might
not have adhered effectively to the cement paste [59]. Additionally, every percentage
replacement except for the concrete with 100% SGT replacement exhibited high fresh
concrete density in comparison to the reference concrete. This could be ascribed to the filling
effect of the SGT particles within the concrete. It was observed that concrete containing
100% SGT had a low density, due to the low density of SGTs compared with crusher
sand [60].

3.4. Compressive Strength

Figure 12 and Table A1 in Appendix A show the results for the compressive strength
of concrete with varied replacement levels of andesite crusher sand with SGT, at curing
ages of 7, 28, 56, and 90 days. It was observed that the compressive strengths increased
until a 25% replacement level, for all the curing periods. The compressive strength for
GT10 and GT25 increased by 0.29% and 46.81% at 7 days; 0.46% and 4.01% at 28 days;
0.40% and 4.78% at 56 days; and 0.25% and 5.50% at 90 days, respectively, compared to
GTO. The rise in compressive strength may have been caused by the rough surface texture
and angular shape of the SGTs, which improved the bond strength between SGTs and
cement paste. Additionally, the SGTs’ finer particles had a filling effect on the concrete
pores, which increased compaction within the concrete [61]. The results showed that
for all percentage replacements, the compressive strength increased as the curing age
increased. This suggested that the continuous hydration of cement within the concrete was
not obstructed by the presence of SGTs in the concrete [28].
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Figure 12. Compressive strength of the concrete specimens.

However, when the replacement level was above 25%, the compressive strength
decreased with increased SGT proportion, for all curing periods. In comparison to GTO,
the compressive strength for GT50, GT75, and GT100 decreased by 13.94%, 30.63%, and
30.74% at 28 days; 4.57%, 25.75%, and 26.72% at 56 days; and 4.10%, 25.07%, and 27.36%
at 90 days, respectively. However, the decrease in compressive strength percentage for
GT50 was minimal in comparison to GT75 and GT100. This suggests that while finer SGT
particles had a filler effect on the GT50 pores, it was not as potent as it was for GT10 and
GT25. The reduced compressive strength might have been due to the large surface area of
the SGTs causing insufficient cement paste per unit area of SGT particle. This weakened
the bond strength and caused agglomeration of the SGT fine particles due to electrostatic
interaction, decreasing the concrete’s compressive strength [52,61].
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Also, the decrease in compressive strength might have been due to the higher concen-
tration of muscovite mineral found in the SGTs, which increased as the SGT proportion
in the concrete increased. The presence of muscovite particles in the concrete resulted
in a smooth surface finish, causing a weaker bond between the SGTs and the cement
paste [62,63]. Nevertheless, aside from the 0% and 10% replacement levels at 7 days, every
concrete sample for all percentage replacement levels and curing ages achieved the target
strength of 35 MPa or above.

The results followed a similar trend to the studies conducted by Preethi et al. [29] and
Song et al. [32], where compressive strengths increased to a certain level of replacement
before decreasing. Specifically, Preethi et al. [29] recorded the highest compressive strength
at 15% replacement of river sand with gold tailings at 3, 7, and 28 days. In contrast, Song
et al. [32], reported that at 28 days, the highest compressive strength was obtained at 30%
replacement of river sand with gold tailings.

Statistical Analysis

The statistical analysis results for the compressive strength data are presented in
Table 4 and Figures 13-17. The analysis was performed using SPSS version 26 and a
regression model was established to perform the ANOVA between the concrete samples
with and without SGT. The model assesses the linear relationship between a single predictor
and a continuous response. In this study, the reference concrete GT0 was considered the
response variable, while the different proportions of SGTs replacing crusher sand served as
the predictor variables. The model applied hypothesis testing, assessing the null hypothesis
by accepting or rejecting it with a measured risk level of p < 0.05 at a 95% confidence
level. In this context, p signifies the probability of evaluating the compressive strength in
relation to whether the null hypothesis holds. According to the null hypothesis, there is
no significant distinction between the compressive strengths of concrete with and without
SGTs. This suggests that SGTs have no significant effect on concrete’s compressive strength.

Table 4. Result of ANOVA for the compressive strength.

Source  DF MS F Value Ilfr?)/;l:; Adj. R Square  Significance
GT10 1 3632.890 332.532 0.000 96.8 Yes
GT25 1 3390.316 96.364 0.000 89.7 Yes
GT50 1 2714.851 26.427 0.000 69.8 Yes
GT75 1 2672.334 24.980 0.001 68.6 Yes

GT100 1 2352.070 16.921 0.002 59.1 Yes

Based on the ANOVA results, the chosen model accurately portrayed the collected
data. Across all models, the p values were below 0.05, indicating that each model term held
statistical significance at a 95% confidence level. Moreover, the model confidence levels
surpassed 95%, confirming their robustness. The correlation coefficient, R?, indicated that
the established models explained between 59.1% to 96.8% of the variations in compressive
strengths, indicating a satisfactory fit with the data. This showed a good correlation
coefficient between the compressive strength of the reference concrete and different mixes,
suggesting that SGTs had a significant impact on the concrete’s compressive strength.
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Figure 13. Fitted line plot showing regression analysis of compressive strength, for reference concrete
against concrete made with 10% SGT.
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Figure 14. Fitted line plot showing regression analysis of compressive strength, for reference concrete
against concrete made with 25% SGT.
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Figure 15. Fitted line plot showing regression analysis of compressive strength, for reference concrete
against concrete made with 50% SGT.
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Figure 16. Fitted line plot showing regression analysis of compressive strength, for reference concrete
against concrete made with 75% SGT.
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Figure 17. Fitted line plot showing regression analysis of compressive strength, for reference concrete
against concrete made with 100% SGT.

3.5. Splitting Tensile Strength

Figure 18 and Table A2 in Appendix A show the splitting tensile strength results for
concrete with different proportions of andesite crusher sand replaced with SGTs, after
curing periods of 7, 28, 56, and 90 days. It was observed that for each curing age, the
compressive strengths increased up to a 50% substitution of crusher sand with SGTs.
For GT10, GT25, and GT50, the increased percentages of splitting tensile strengths in
comparison to GTO were as follows: 17.32%, 40.69%, and 44.16% after 7 days; 2.17%,
2.80%, and 33.23% after 28 days; 1.34%, 3.79%, and 5.36% after 56 days; and 0.41%, 3.04%,
and 11.13% after 90 days, respectively. The higher splitting tensile strength might have
been caused by the filling effect of very fine SGT particles enhancing adhesion between
aggregates and cement paste [64]. Also, the angular shape and rough surface texture of
SGTs contributed to the higher splitting tensile strength by improving interlocking among
aggregates in the concrete mix, thereby increasing bond strength [52]. It was noticed
that for all percentage replacement levels, concrete splitting tensile strength increased
with increased curing ages, indicating that the incorporation of SGTs did not impede the
continuous hydration of cement within the concrete [28].
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Figure 18. Splitting tensile strength of the concrete specimens.

However, as the replacement level exceeded 50%, there was a decline in the splitting
tensile strength. Additionally, concrete with replacement levels of 75% and 100% exhibited
low splitting tensile strength compared with the reference concrete after curing periods of
28 days, 56 days, and 96 days. The splitting tensile strength for GT75 and GT100 relative to
GTO was observed to decrease by the following percentages: 4.35% and 15.53% at 28 days;
19.42% and 33.71% at 56 days; 21.86% and 31.78% at 90 days, respectively. The presence of
soft minerals like muscovite in SGTs might have been the cause of the decreased splitting
tensile strength. The proportion of soft minerals in the concrete increased as the proportion
of SGTs increased, resulting in the formation of a weak bond between the SGT particles
and the cement matrix. As a result, the splitting tensile strength decreased [30].

Comparable trends were observed in the findings of the study by Song et al. [28],
which found that splitting tensile strengths rose up to a specific replacement level before
declining. They recorded the highest splitting tensile strengths at 30% replacement of river
sand with gold tailings.

3.6. The Relationship between Splitting Tensile Strength and Compressive Strength

Results for compressive strength and splitting tensile strength showed that the splitting
tensile strength of the concrete specimens varied along a similar pattern to the compressive
strength. This trend was similar to previous report [28], stating that the incorporation of
gold tailings produced higher compressive and splitting tensile strengths than reference
concrete, up to a certain replacement level. However, the strengths decreased as the per-
centage of gold tailings in the concrete increased. In this study, contrary to the compressive
strength, it was obvious that substituting 50% of the crusher sand with SGTs gave the
maximum splitting tensile strength, for all curing ages. The correlation coefficients were
determined, in order to establish the relationship between splitting tensile strength and
compressive strength.

Figure 19 shows the results of the relationship, including the linear equation that
describes the relationship. Within the equations, the variable y” represents splitting tensile
strength, while x” stands for compressive strength. The correlation coefficients were
determined to be 0.88, 0.82, 0.78, 0.95, 0.98, and 0.95 for 0%, 10%, 25%, 50%, 75%, and
100%, respectively. This suggests that splitting tensile strength and compressive strength
have a good relationship. Even though scatter was observed in the results, at specific
replacement levels, splitting tensile strength increased as compressive strength increased
and diminished as compressive strength decreased.
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3.7. Durability Properties

Durability properties were evaluated using durability indices such as oxygen perme-
ability, water sorptivity, and chloride conductivity indices. These also served the purpose
of analyzing the porosity of the concrete. The durability indices were evaluated based on
the average values derived from four concrete specimens, for curing periods of 28, 56, and
90 days. The grading ranges according to the South African Standard were used to assess
the quality of the concrete [65].

3.7.1. Oxygen Permeability

Figure 20 and Table A3 in Appendix A show the oxygen permeability index (OPI)
results for each percentage replacement level after 28, 56, and 90 days of curing. It is
important to note that the permeability of the concrete reduced as the OPI value increased.
It was observed that as the curing periods increased, the OPI value increased. The optimum
OPI after 28, 56, and 90 days was achieved at 100%, 0%, and 50% replacement levels,
respectively. After 90 days of curing, the average OPI values for both 25% and 50%
replacement levels were more than that of the reference concrete. This might have been
due to the SGTs’ filler effect, which aided in refining the pores [66].
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Figure 20. Oxygen permeability indices of concrete specimens.

The OPI results ranged from 9.95 to 11.01, classified as good concrete quality for values
between 9.5-10 and excellent concrete quality for values greater than 10, according to
South African Standard [65]. The OPI values of the concrete specimens after all curing
periods were within the range for excellent concrete quality according to the South African
Standard, except for the GT25 OPI value after 28 days, which was within the range for good
concrete quality. This signified that regardless of the replacement level percentage, concrete
containing SGTs had good resistance to oxygen permeability. The slight differences among
the OPI values of the concrete samples indicated that the test might be less sensitive to
changes in SGT proportions. Also, the large deviation in the error bar might be due to the
large variability within the results of the same sets of samples, which might have been
caused by the rate at which oxygen penetrated each sample [67]. The oxygen permeability
of concrete containing gold tailings has yet to be reported in the literature. However, the
current oxygen permeability results are consistent with the research conducted by Thomas
et al. [60], where concrete containing copper tailings as replacement for river sand was less
susceptible to air permeability.

3.7.2. Water Sorptivity

The results of the water sorptivity index (WSI) for each percentage replacement
level after curing periods of 28, 56, and 90 days are shown in Figure 21 and Table A4 in
Appendix A. The concrete’s WSI values signify the rate at which water passes through
concrete via capillary suction, normalized by porosity; the lower the WSI value, the higher
the resistance of the concrete to moisture penetration. It was observed that for all curing
ages, the WSI values of GT25, GT50, GT75, and GT100 remained lower than those of
the reference concrete (GT0). This might have been caused by the SGT particles’ filler
action, which improved the concrete’s pore structure [68]. Contrarily, GT10 had high WSI
values compared with GT0. This might be attributed to the non-uniform distribution of SGT
particles within the concrete, exerting minimal influence on interrupting capillary formation
and consequently causing a higher capillary absorption rate [69]. The WSI results ranged
from 5.79-9.69, categorized as good concrete quality for values between 6-10 and excellent
concrete quality for values less than 6, as per South African Standards [65]. This indicated
that concretes made with SGTs were not vulnerable to water penetration. Although the
water sorptivity of concrete containing gold tailings has not been documented in the
literature, the results are similar to the water absorption findings in the study conducted by
Song et al. [32], and Ahmed et al. [30], indicating that concrete containing gold tailings has
lower water absorption.



Sustainability 2024, 16, 7762

20 of 28

13 -

12 -

LU m 0%
10 - ’
= 9 . = 10%
|
g 3 m25%
- 7 4 50%
2 5. m75%

5 4 . ® 100%

4 R ’%

28 days 56 days 90 days
Curing age (days)

Figure 21. Water sorptivity indices of concrete specimens.

3.7.3. Chloride Conductivity

Figure 22 and Table A5 in Appendix A present the chloride conductivity index (CCI) results
for various percentage replacement levels after 28, 56, and 90 days of curing. It is crucial to
understand that when the CCI value increased, the concrete’s chloride conductivity increased. It
was observed that the CCI value decreased with increasing curing ages. Also, in comparison to
reference concrete, the CCI of GT10, GT75, and GT100 was higher after 90 days of curing, while
it was lower for GT25 and GT50. The increased CCI in the concrete containing SGTs might
have been due to the higher specific surface area of the SGTs, resulting in inadequate cement
paste coverage on each SGT particle’s unit area. This led to a decrease in aggregate adhesion,
subsequently reducing the resistance to chloride penetration [70]. However, the filler effect of
SGTs might be the reason for the reduced CCI in some concrete containing SGTs. This greatly
improved the concretes’ resistance to chloride penetration and reduced the pore size. The CCI
values ranged from 0.13 to 3.24 and at 90 days, in accordance with South African Standards,
all of the concrete samples were found to be of good quality and excellent quality for values
between 0.75-1.5 and values less than 0.75, respectively [65]. Apart from chloride permeability,
the literature has not addressed the chloride conductivity of concrete containing gold tailings.
In contrast to chloride conductivity findings, Song et al. [32] found that concrete with higher
proportions of gold tailings had lower chloride ion permeability compared with concrete with a
lower proportion of gold tailings or reference concrete.
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Figure 22. Chloride conductivity indices of concrete specimens.
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3.7.4. Porosity

The porosity results for the concrete specimens with various percentage replacement
levels that were soaked with calcium hydroxide after 28, 56, and 90 days of curing are
shown in Figure 23 and Table A6 in Appendix A. It was observed that for every percentage
replacement level, the porosity reduced with increasing curing age. The decrease in concrete
porosity at 56 and 90 days, compared with 28 days, was as follows: 20.36% and 28.33%
for GT0; 14.70% and 24.23% for GT10; 14.34% and 51.07% for GT25; 8.50% and 32.03% for
GT50; 7.60% and 20.91% for GT75; and 8.20% and 24.86% for GT100, respectively. This
indicates that when SGTs were used in place of crusher sand in concrete, the chemical
composition did not hinder the primary hydration of cement. Additionally, it suggests
an enhancement in the pore structures. Furthermore, among all percentage replacement
levels, 25% replacement level produced the lowest porosity throughout the curing ages.
This could be attributed to the filler effect in which the very fine particles of SGTs were
evenly distributed and filled up the concrete’s pores [66,71].
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Figure 23. Porosity of concrete specimens saturated with calcium hydroxide.

Furthermore, Figure 24 and Table A7 in Appendix A show the porosity of concrete
specimens that were saturated with a sodium chloride solution. It was observed that the
porosity of the concrete specimens over curing periods from 28 to 90 days followed a
similar trend to those observed in concretes saturated with calcium hydroxide solution.
Nevertheless, compared to the concretes saturated with calcium hydroxide solution, the
porosity after curing for 28, 56, or 90 days was 46.19% to 62.36% lower. Variations in the
density of the two solutions were responsible for the observed pattern of reduced porosity
in the concrete treated with sodium chloride [45,67]. The robustness of the porosity
results is indicated by the similarity in the porosity patterns for the two saturating
solutions. In comparison to the results of the current study, Song et al. [32] observed that
concrete with 30% gold tailings showed the highest reduction in porosity. Beyond the
30% replacement level, the porosity increased but was lower than that observed at the
20% replacement level.
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Figure 24. Porosity of the concrete specimens saturated with sodium chloride.

4. Applications

This investigation demonstrates the viability of using SGTs as a substitute for crusher
sand in producing sustainable concrete. Concrete serves as the backbone of structures. Thus,
concrete made with SGTs can be applied to different parts of a structure. The various parts
of the structure include the substructure (foundation and basement), superstructure (lintels,
stairways, walls, and roof), and other structural elements (slabs, columns, beams, and floor).
The practical use of concrete containing SGTs offers a way to lessen the substantial quantity
of stockpiled SGTs. Additionally, it decreases the massive amount of crusher sand needed for
concrete production, conserving natural resources. Consequently, this can reduce the overall
cost of concrete production in mining environments. The mining and concrete industries can
collaborate based on the practical application of concrete containing SGT. The collaboration
proves advantageous for both sectors, as it diminishes the expenses associated with crusher sand
in concrete production and reduces the volume of tailings that need to be handled. Overall, this
promotes sustainable development in the mining and concrete industries, and the environment.

5. Conclusions and Recommendations

This study investigated the feasibility of replacing conventional sand with SGT to
produce sustainable concrete. Various proportions of SGTs (0%, 10%, 25%, 50%, 75%, and
100%) were used in producing sustainable concrete. According to the results and discussion
outlined in the previous section, the following conclusions are drawn:

1.  SGTs are reprocessed gold tailings from which some metals have been recovered, and
they are considered relatively inert due to the absence of sulfide and pyrite, making them
environmentally friendly. They contain soft minerals and a high muscovite content that
could influence the properties of concrete. SGTs have finer particles, low densities, high
specific surface area, and high water absorption compared with andesite crusher sand.
However, the similarity in the properties of SGTs and andesite crusher sand makes SGTs a
potential material for andesite crusher sand substitution in concrete production.

2. Theinclusion of SGTs as fine aggregate decreased the workability due to finer particles,
high specific surface area, and high water absorption of the SGTs. The workability of
concrete containing SGTs can be improved by adding superplasticizers, regardless of
SGT content in the concrete mix. The replacement of andesite crusher sand with SGTs
up to 75% enhanced the density of concrete compared with andesite crusher sand,
while the highest density was obtained at a 25% replacement level.

3. The compressive strength of concrete with up to 25% replacement of crusher sand with
SGTs is high compared with the reference concrete, for all curing ages. Beyond the
25% replacement level, the compressive strength was lower than that of the reference
concrete for all curing ages. However, all the concrete samples at 28, 56, and 90 days
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met the target strength. The highest compressive strength was obtained at a 25%
replacement level. The ANOVA analysis results validated that the percentage of SGT
significantly impacted the compressive strength of concrete for curing periods of 7, 28,
56, and 90 days. The splitting tensile strength of the concretes followed a similar trend
to that of compressive strength. However, the splitting tensile strength increased up to
50% for all curing ages but then decreased. The highest splitting tensile strength was
achieved at a 50% replacement level. This indicates that SGTs can partially replace
crusher sand and produce concrete with desirable mechanical properties.

4. Concrete made with SGTs as a replacement for crusher sand had similar OPI and
WHEI to reference concrete. The concrete samples” OPI ranged from 9.95 to 11.01 and
WSI ranged from 5.79-9.69, placing them within the good to excellent category for
concrete quality in terms of OPI and WSI, respectively. Concrete made with SGTs
showed strong resistance to oxygen permeability and water sorptivity, irrespective
of the percentage replacement levels, for all curing ages. Also, after 56 and 90 days,
the CCI of concretes with and without SGTs was found to reflect good to excellent
concrete quality, indicating good resistance to chloride penetration. Concrete samples
also showed a reduction in porosity with increasing curing periods. This indicates
that concrete containing SGTs as a substitute for crusher sand is durable.

5. This study demonstrates that like primary gold tailings, SGTs can be used as fine
aggregate in concrete production, indicating that the substitution potential of gold
tailings is not limited to river sand. The results of this study suggest that SGT is
environmentally friendly and can be efficiently substituted for crusher sand in con-
crete. In addition to its strength performance, this study further shows the satisfactory
durability performance of concrete containing gold tailings. Using SGTs as fine aggre-
gate in concrete can reduce the space occupied by tailings disposal, conserve natural
resources, and lessen environmental problems. It also reduces the use of conventional
fine aggregate and lowers the cost compared with using conventional fine aggre-
gate for concrete production, particularly in mining environments. Additionally, it
would represent a reduction in carbon emissions associated with conventional fine
aggregate (crusher sand) production, as SGTs require no additional processing to
achieve the necessary particle size. This study can offer direction for conducting a
more comprehensive investigation into utilizing secondary gold tailings in concrete.

6.  Itisnecessary to investigate other important properties such as resistance to sulfate attack, car-
bonation depth, alkali-silica reaction, drying shrinkage, microstructural behavior, corrosion,
and thermal properties to understand the performance of the concrete from these aspects.

7. Due to the satisfactory performance of concrete containing SGTs, it can be effectively em-
ployed as a construction material. This utilization of SGTs helps address sand sustainability
concerns in producing sustainable concrete, promoting a greener environment.
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Appendix A
Table A1. Compressive strength of concrete specimens.
Compressive Strength (MPa)
Mixes 7 Days 28 Days 56 Days 90 Days
0% 33.71 63.64 70.05 80.01
10% 33.81 63.93 70.33 80.21
25% 49.49 66.19 73.40 84.21
50% 47.33 54.77 66.85 76.73
75% 39.96 44.15 52.01 59.59
100% 39.43 44.08 51.33 58.12
Table A2. Splitting tensile strength of concrete specimens.
Splitting Tensile Strength (MPa)
Mixes 7 Days 28 Days 56 Days 90 Days
0% 2.31 3.22 4.48 4.94
10% 2.71 3.29 4.54 4.96
25% 3.25 3.31 4.65 5.09
50% 3.33 4.29 4.72 5.49
75% 2.95 3.08 3.61 3.86
100% 2.65 2.72 2.97 3.37
Table A3. Oxygen permeability index of concrete specimens.
Oxygen Permeability Index
Mixes 28 Days 56 Days 90 Days
0% 10. 23 10.81 10.77
10% 10.50 10.60 10.16
25% 9.95 10.60 11.00
50% 10.04 10.70 11.01
75% 10.42 10.64 10.68
100% 10.64 10.13 10.44
Table A4. Water sorptivity index of concrete specimens.
Water Sorptivity Index
Mixes 28 Days 56 Days 90 Days
0% 8.14 6.68 9.57
10% 9.12 8.22 9.69
25% 591 6.23 6.21
50% 6.07 5.92 6.39
75% 7.23 5.79 5.94
100% 6.88 6.17 5.89
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Table A5. Chloride conductivity index of concrete specimens.

Chloride Conductivity Index

Mixes
28 Days 56 Days 90 Days
0% 0.97 0.26 0.24
10% 1.42 0.43 0.31
25% 1.02 0.39 0.13
50% 1.66 0.44 0.22
75% 1.77 0.83 0.48
100% 3.24 1.04 0.76

Table A6. Porosity of concrete specimens saturated with calcium hydroxide.

Porosity with Calcium Hydroxide

Mixes
28 Days 56 Days 90 Days
0% 8.40 6.69 6.02
10% 10.07 8.59 7.63
25% 7.95 6.81 3.89
50% 8.71 7.97 5.92
75% 9.42 8.7 7.45
100% 10.98 10.08 8.25

Table A7. Porosity of concrete specimens saturated with sodium hydroxide.

Porosity with Sodium Hydroxide

Mixes 28 Days 56 Days 90 Days
0% 3.56 3.06 2.74
10% 4.58 3.81 3.15
25% 3.28 2.85 1.55
50% 3.53 3.00 2.35
75% 4.07 3.59 3.18
100% 477 3.82 3.90
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