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1. INTRODUCTION

One problem in a developed and developing country is the limited land to accommodate
industrial waste in a large capacity. As a result, industrial waste accumulates and damages the
environment (Meshram etal., 2023). In China, industrial waste continuously increased from 1998
to 2018 and is expected to double by 2025 (Kanwal, Zeng, and Li, 2023). In Japan, in 2014,
industrial waste contributed about 393 million tons, or about 89.9% of total waste (Amemiya,
2018). Hazardous industrial waste containing heavy metals can cause environmental pollution in
isolated final disposal areas (Singh et al, 2015). In Indonesia, waste produced by industry
contributes to hazardous waste of around 229,907 tons every year (Widyatmoko, 2018); the
amount of limited waste management centers with international standards results in industrial
waste having the potential to pollute the environment and interfere with health (Widyatmokao,
2018). Landfill disposal is still an option for treating municipal solid and industrial waste. Even
when better management, such as material recycling and energy recycling, needs to be
introduced. This reduces waste and adds value to waste products (Widyatmoko, 2018).
Environmental problems are caused by industrial waste and those that occur in the industrial
process. In the field of construction, concrete contributes significantly to environmental problems
because it is the second most widely used artificial substance in the world after water (Xuan, Poon
and 7heng, 2018). The causes of concrete being one of the materials that contribute to
environmental pollution include the extraction of natural minerals such as gravel and sand,
carbon emissions from the transportation of resources and products, the amount of energy,
water, and resource consumption during cement production and concrete manufacturing, and
the emergence of large amounts of waste when the service life of the structure has expired
(Pellegrino, Faleschini and Meyer, 2019; Mohamad et al, 2021). Cement is an essential
component in manufacturing concrete used in the construction world. One of the efforts to
reduce waste from cement production is to reduce the use of Portland cement using substitute
materials or substitute cement with other industrial waste so that, at the same time, it can reduce
environmental problems due to Portland cement production and provide added value to
construction waste (Seco et al., 2012). Rice husk ash, which is one of the solid wastes produced
by the agricultural industry, can be used as a substitute for cement in making concrete, and it was

found that the use of rice husk ash as a material to replace cement contributes positively to
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the compressive strength of concrete (Patah and Dasar, 2022). Ground granulated blast furnace
slag (GGBS) is an industrial waste of iron production. GGBS is a pozzolan material that can be used
as a cement or cement substitution substitute (Turu’allo, 2015).

Another effort that can be made to reduce environmental pollution is to replace or reduce
the use of natural materials, such as fine aggregates and coarse aggregates, with industrial waste
materials or artificial light aggregates. In terms of waste, plastic waste is still a significant concern
due to the inability of plasticto decompose. Polystyrene is a type of plastic often used as industrial
and household waste. Light aggregate is an aggregate that has a maximum content weight of
1100 kg/m?. Examples of natural lightweight aggregates are pumice, scoria, and tuff, while
examples of artificially light aggregates are clay, diatom-aces, perlite, and vermiculite. (SNI 03-
3449, 2002; Abdulrasool et al., 2022). Lightweight Expanded Clay Aggregate (LECA) is also a class
of lightweight aggregate, which has a variety of sizes, so it is suitable as a substitution material
for fine aggregate and coarse aggregate. Using LECA as a concrete constituent material can
provide high segregation resistance. The more the LECA content in concrete increases, the more
the specific gravity of concrete decreases. Using LECA as a combined aggregate can reduce the
density of concrete to a lower level than if LECA was only a fine aggregate or coarse aggregate.
In using LECA as aggregate, the more significant the reduction in the specific gravity of concrete,
the more significant the decrease in mechanical strength. The thing to note is that using LECA as
a combined aggregate can reduce the mechanical strength of concrete even more. (Rashad,
2018).

The use of polystyrene beads and vermiculite can be a solution for the substitution of fine
aggregates. Due to the lightweight nature of vermiculite, the use of vermiculite as a fine
aggregate can reduce the specific gravity and compressive strength of concrete. However,
vermiculite can increase resistance to high temperatures and water absorption (Mo et al., 2018).
Using LECA, polystyrene beads, and vermiculite reduces specific gravity and the compressive
strength of concrete. Thus, other materials are needed to increase the compressive strength of
concrete. Based on (Srivastava et al, 2014) Using silica fume in concrete at certain levels can
significantly increase its compressive strength. In addition to an increase in compressive strength,

silica fume can also increase concrete workability.
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Incorporating lightweight aggregate into concrete will result in concrete that has a low
specific gravity. Normal concrete has a specific gravity of 2200-2500 kg/m? (SNI 03-2834,2000) .
In comparison, structural lightweight concrete has a specific gravity of less than 1850 kg/m?* (SNI
03-3449, 2002). The specific gravity of concrete affects the weight of the building, which affects
the size of the foundation. The greater the building load carried by the foundation, the bigger the
foundation will be, or the number of foundation points will be increased; however, if the load
carried is small, then the size of the foundation will be reduced. Also, the number of foundation
points will decrease (Sajedi and Shafigh, 2012).

Currently, the foaming agent in concrete increases its porosity. Common foaming agents in
concrete are air-entraining additives, aluminum powder, and foam. The use of foam requires a
generator to pump foam into the concrete during the mixing process. Another way to use a
foaming agent is to add a certain level of aluminum powder to the concrete mixture (Hou et al.,
2021).

In this study, GGBFS was used as a cement substitute to increase the added value of waste.
Based on (Wuman, 2014), incorporating GGBFS or metal smelting waste as a substitute for
cement at a certain level can increase the compressive strength of concrete. The GGBFS used is
waste from PT. Krakatau Steel (Persero) Thk is then processed and produced by PT. Krakatau
Semen Indonesia (KSI}. The purpose of this study was to investigate the effect of making floating
concrete using GGBFS as a cement substitute, LECA as coarse aggregate, and vermiculite and
polystyrene beads as fine aggregate on the mechanical strength of lightweight concrete, including

concrete compressive strength, workability, and tensile strength of concrete.

2. RESEARCH METHODOLOGY
2.1 Materials

Binders used in this study include cement, iron slag, and silica fume. The cement used in this study
is ordinary Portland cement (OPC), with a specific gravity of 3.10. The iron slag has a specific
gravity of 2.79. The silica fume used has a specific gravity of 2.2.

The coarse aggregate used in this study for concrete control came from the Sudamanik quarry
with a maximum diameter of 20 mm), and the fine aggregate of 0-5 mm used came from the MBS

quarry. The result obtained from the specific gravity of coarse aggregate is 2.55, while the specific
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gravity of fine aggregate is 2.52, with a fineness modulus of 3.10. In comparison, the aggregates
used as substitutes for natural aggregates are LECA, vermiculite, and polystyrene beads based on
the results of sieve analysis tests that have been carried out. The LECA used in this study met the
gradation 5-12.7 mm. Requirements contained in SNI 2461, (2014) and include well-graded
aggregates. LECA will be used as a substitute for coarse aggregate; based on (SNI 2461, 2014),
the maximum grain density of light aggregate for coarse aggregate is 880 kg/m?. From the results
of testing, the weight of the contents of LECA obtained a result of 504 kg /m?, and the results can

be used as seen on Table 1.

Table 1 Material properties

Materials Type/Properties Specific Gravity {gr/cm?)
Cement Ordinary Portland Cement {OPC) 3.10

Iron Slag (GGBFS) 2.79

silica-fume Sika-Fume 2.20

Coarse Aggregate Maximum Diameter of 20 mm 2.55

Fine Aggregate Fine Modulus of 3.10 2.52

LECA Maximum Diameter of 12.7 mm 0.504

Vermiculite Passing Sieve No. 5 0.284

Polystyrene Beads Passing Sieve No. 8 0.014

Water Tap water 1

After testing the sieve analysis, it was found that the vermiculite passed sieve No. 5.
Vermiculite will be used as a substitute for fine aggregate, based on the maximum grain density
of light aggregate for fine aggregate is 1120 kg/m? (SN12461, 2014). The test results on the weight
of the contents of vermiculite were obtained at 284 kg m? so that the results could be used.
Concrete with polystyrene beads can be used as structural elements, protective layers, and
insulation concrete. Polystyrene beads have a very light fill weight, which leads to segregation
and poor mixture distribution in concrete that uses polystyrene beads. The polystyrene Beads to
be used passed sieve No. 5 and were restrained in sieve No. 8. The result of the experiment was
that the content weight and percentage of the solid volume of polystyrene beads was 14 kg/m?
(Sayadi et al., 2016) .

The chemical composition of OPC type 1 and the GGBFS was determined using the EPSILON

5 analyzer from Panalytical using X-ray Fluorescence (XRF). The results are shown in Table 2.

Doi: https://doi.org/10.25105 /urbonenvirotech.v7i2. 19 715 220




Investigation of Mechanical Characteristics of Lightweight Concrete

using Environmentally Friendly Lightweight Aggregates

Olsri-Nelfia, Sekarningtyas, Sumarno, Rinanti, Amiri

p-ISSN 2578-8150; e-ISSN 2579-8207, Volume 7, Number 2, page 216-231, October 2024
Accredited SINTA 2 byMinistry of Research, Technology, and

Higher Education of The Republic of Indonesia No. 230/E/KPT/. on December 30", 2022
from October 1*, 2022 to September 30", 2027

The findings show that the primary chemical constituents of GGBFS (iron slag) include silica,

alumina, calcium, and iron.

Table 2 Chemical properties of iron slag (GGBFS)

Chemicals GGBFS (%)
Si0; 35.93
Al O3 14.74
Fea03 1.02
Ca0 44.71
MgO 0.28
S0s 0.55
K20 0.29
Na.0 0.02
TiO:2 0.33
MrIzO} 0.14
LOI 1.98
IR 0.32

The concrete mix design refers to The ACI regulation 213R-03, "Guide for Structural
Lightweight-Aggregate Concrete,” in Table 3. Fach concrete mixture is made into 12 concrete
samples. Furthermore, the notation for each mixture and the details of the mixture used in this
study are as follows (anillustration of the mixture can be seen in Figure 1).

a. Control Concrete or BK is concrete that uses 100% cement, split as coarse aggregate, sand
as fine aggregate, and 1% superplasticizer.

b. V100 is concrete with 80% cement and 20% GGBFS binders, LECA as coarse aggregate,
vermiculite as fine aggregate, 1% superplasticizer, and 0.1% aluminum powder.

c. APV is concrete with a mixture of binders 70% cement, 20% GGBFS, and 10% silica-fume,
LECA as coarse aggregate, vermiculite as fine aggregate, 1% superplasticizer, and 0.15%
aluminum powder.

d. PB100 is concrete with a mixture of binders 80% cement and 20% GGBFS, LECA as coarse
aggregate, polystyrene beads as fine aggregate, 1% superplasticizer, and 0.1% aluminum
powder.

e. APPB is concrete with a mixture of binders 70% cement, 20% GGBFS, and 10% silica-fume,
LECA as coarse aggregate, polystyrene beads as fine aggregate, 1% superplasticizer, and

0.15% aluminum powder.
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SILICAFUME (10%) SILICAFUME (10%)

(20%) GGBFS (20%) (20%)

VERMICULITE POLYSTYRENE BEADS
SUPERPLASTICIZER | | SUPERPLASTICIZER | | SUPERPLASTICIZER | | SUPERPLASTICIZER
BK V10 APV PB100 APPB

Figure 1 Composition of concrete mix

Table 3 The composition of concrete in kg per m?

Materials BK V100 APV PB100D APPB
Cement 512.20 40969  358.48 40969  358.48
GGBFS - 102.42 102.42 102.42 102.42
Silica fume - - 51.21 - 51.21
Split 1107.81 - - -

LECA - 21778  217.78 217.78  217.78
Water 144.87 178.22 178.22 178.22 178.22
Matural Sand 562.04 - - - -
Polystyrene Beads - - - 2.93 2.83
Vermiculite - 58.40 56.40 - -
Superplasticizer 5.12 5.12 5.12 5.12 5.12
Aluminum Powder - 051 0.77 051 0.77

2.2 Experimental Methods

The manufacture of concrete cylinders refers to The SNI 2458:2008; it starts by putting concrete
constituent materials, coarse aggregates, fine aggregates, and binders into the mixer.

Then proceed with giving water into the mixture, stir for +1 minute, and continue by inserting a
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superplasticizer and stirring for +3 minutes. If the concrete mixture has finished stirring,
the mixer is stopped, and the concrete mixture is slump-tested. After completing the slump test,
the concrete mixture is fed into a cylindrical mold with 100 mm diameter and 200 mm height
dimensions. Then, the mold containing the sample is placed on the vibrating table for +1 minute,
and the surface is given a name. After 24 hours #, the concrete mold is removed, and curing is
carried out by immersing the concrete in water until the specified mechanical characteristics’ test

life.

3. RESULTS AND DISCUSSION
3.1 Workability

The slump test standard refers to ASTM C 143-15, “Standard Test Method for Slump of Hydraulic-
Cement Concrete.” The difference in slump values from the five samples made with a factor of
w/(c+p) of 0.348 does not indicate a significant slump result. The addition of silica fume to
the concrete composition also does not significantly affect workability. However, the concrete
mixture with which silica fume is added becomes stickier and more cohesive, as shown in Figure
2. Thisis consistent with past research of (Shirdam, Amini, and Bakhshi, 2019; Koksal, Gencel, and

Kaya, 2015), which state that silica fume is hardly adequate in its workability.

Slump Test
300.00
250,00
T 20000
E
[= 8
g 150.00
3
&
100.00
50.00
BK V100 APV PB100 APPB

Figure 2 Slump test result
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Figure 3 Slump test measurement

3.2 Compressive Strength

The compressive strength test refers to ASTM C 39-99, “Standard Test Method for Compressive
Strength of Cylindrical Concrete Specimens.” Based on the results of compressive strength tests,
concrete that uses 100% vermiculite (V100) as fine aggregate has a higher compressive strength
than concrete that uses 100% polystyrene beads (PB100) and 50% polystyrene beads and 50%
vermiculite (PB50V50).

In 100% polystyrene beads concrete using 10% silica-fume, higher compressive strength
results are obtained than in 100% polystyrene beads without silica-fume. The results of this test
correspond to those (Wuman 2014) and (Chaitanya and Ramakrishna, 2021), stating that using
10% silica-fume can increase the compressive strength of concrete, as shown in Table 4. Research
(Datta, 2020) States that concrete containing silica fume can be of higher quality. This is because
silica-fume consists of Si0O; and has fine particles, so the surface zone is enormous. The high
content of Si0; makes silica-fume pozzolan when used in concrete.

Waste-based lightweight concrete is not regulated in Indonesia; hence, this study created a
referenced control concrete using a mixture based on the SNI 6468:2000 by replacing
conventional coarse aggregate and fine aggregate with lightweight waste aggregate. The BK value
result is, therefore, the control concrete value that utilizes 100% conventional aggregate; and by

utilizing the same composition for other variations of concrete using different percentages (%) of
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lightweight waste aggregates, this generates a notable drop in compressive strength compared

to the other four mixtures as seen in Table 4.

Table 4 Results of compressive strength test

Sample BK V100 APV PB100  APPB
fc' 3 days (MPa) 3814 514  4.34 2.90 3.13
fc' 7 days (MPa) 4252 7.18 5.19 3.36 3.81

fc' 28 days (MPa) 5128 7.78 5.81 4.63 5.15

10.00
9.00
£ 800
5§ 700
S 600
5 500
-E"T"' 4.00
§£ 300
F< 200
s 1.00
2 000
5 3 days (MPa) 7 days (MPa) 28 days (MPa)
§ = V100 5.14 7.18 7.78
= PB100 2.50 3.36 4.63

Figure 4 Compressive strength between Y100 and PB100

7.00
6.00

s 1

e

Q

£

®

e

v g9

» 9w 300

5 a

2 £3 200

8% 100

(=%

g 0.00

] 3 days (MPa) 7 days (MPa) 28 days (MPa)
m APV 4.34 5.19 5.81

APPB 3.13 3.81 5.15

Figure 5 Compressive strength between APV and APPB
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Concrete using polystyrene beads has a lower compressive strength than concrete with
vermiculite, such as V100 concrete with PB100, which can be seen in Figure 4, and APV concrete
with APPB in Figure 5. Previous research Assaad, Michael, and Hanna (2022) states that there is
a decrease in concrete strength due to the addition of Expanded polystyrene with an amount of
3-5 kg / m?; this is because it weakens the aggregate in concrete and gives the concrete higher

porosity.

3.3 Split Tensile Strength

The split tensile strength refers to the ASTM C496-96 “Standard Test Method for Splitting Tensile
Strength of Cylindrical Concrete Specimens.” The results of the concrete tensile strength test at
the age of 28 days are shown in Table 5. From concrete split strength testing, the tensile strength
value of V100 concrete is higher than PB50V50 concrete. The decrease in tensile strength of
concrete is directly proportional to the decrease in compressive strength of concrete. Research
(Naveenkumar et al, 2021) states that the optimum value of concrete tensile strength and

compressive strength of concrete for substituting fine aggregate with vermiculite is 5%.

Table 5 Concrete tensile strength test results

Sample Fet
(MPa)
BK 4.47
V100 1.88
APV 1.15
PB100 1.00
APPB 0.77

3.4 Specific Gravity

It was found that APPB concrete is the lightest compared to BK, V100, APV, and PB100.
This happens because polystyrene beads have a lighter content weight than vermiculite.
This follows research that uses (Sharma et al., 2017) polystyrene beads as a substitute for sand
will get a very light concrete, specific gravity compared to lightweight aggregates with a greater
content weight than polystyrene beads. Furthermore, research (Assaad, Michael, and Hanna,

2022) states that concrete density decreases with expanded polystyrene because expanded
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polystyrene has a smaller specific gravity than natural sand, causing a reduction in concrete
density.

APPB concrete with a specific gravity of 989.73 kg/m? is less than the specific gravity of water
so that concrete can float. This happens because of a 10% reduction in OPC levels, which is then
replaced with silica-fume. The specific gravity of OPC is much higher than the specific gravity of
silica-fume. OPC has a specific gravity of 3.10, while silica-fume has a specific gravity of 2.20.
In APPB concrete, the specific gravity of concrete is reduced to 59.69% of BK concrete. Increased
levels of aluminum powder also reduce the specific gravity of concrete. This follows previous
research. (Tayeh et al, 2021) Stating that using aluminum powder results in lower specific

gravity.

Table 6 Concrete specific gravity test results

Sample Specific Gravity of Floating
Concrete Conditions
(kg/m?)

BK 2,455.44 Not

V100 1,102.63 Not

APV 1,052.33 Not

PB100 1,026.44 Not

APPB 989.73 Yes

Figure 6 APPB concrete in floating condition
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4. CONCLUSION

This study deals with the investigation of fresh and mechanical characteristics of lightweight
concrete using environmentally friendly lightweight aggregates; the main conclusions that can be
drawn from this study include the following:

1. Concrete with vermiculite produces higher compressive strength than concrete with
polystyrene beads. The use of silica-fume as much as 10% as a cement substitute in concrete
using 100% polystyrene beads as fine aggregate increases the compressive strength of
concrete by 7.60% at three days of age, 13.39% at seven days of age, and 11.26% at 28 days
of age but decreases compressive strength in concrete with 100% vermiculite by 15.62%
atthree days of age, 27.68% at seven days of age, and 25.28% at 28 days of age. For concrete
tensile strength, V100 concrete has better tensile strength compared to other lightweight
concrete. Using LECA as coarse aggregate and vermiculite and polystyrene beads as fine
aggregate does not produce floating concrete with structural qualities. Using 10% silica fume
as a cement substitution material has no effect on workability.

2. Concrete using polystyrene beads as fine aggregate produces a lighter specific gravity than
concrete using vermiculite. A 10% reduction in OPC levels, followed by substitution with
materials with lower specific gravity, can reduce the specific gravity of concrete-increasing

the aluminum powder content to 0.15% results in a lighter specific gravity of concrete.
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