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Abstract: Noise pollution and municipal solid waste (MSW) are two ongoing issues for inhabitants of urban due to
the growth development. MSW such as gypsum and ceramic waste (GCW) needs to be managed properly to solve
environment and acoustic issues. Autoclaved aerated concrete (AAC) is one of the lightweight concrete family and
green building material which raw material can be partially replaced by using MSW. It was interesting to study the
compressive strength and acoustic properties of AAC based on GCW. The objective of this work was to determine
the performance of strength and the acoustic properties of AAC based on GCW. The AAC with different
composition of GCW (5%, 10%, and 15%wt) has been prepared according to ASTM C1693-09. The compressive
strength and acoustic properties of sample have been carried out according to ASTM D695 and ASTM E1050. The
GCW succeeded in enhancing the compressive strength of AAC samples in the range of 23.43% to 44.32%. The
maximum value of compressive strength was 7.22MPa for 15% wt of GCW. The sound absorption coefficient of
sample was around 0.17 to 0.89 at high frequency (1000 — 2000Hz). The best sound absorption coefficient was
showed by AAC with 10% wt of GCW i.e 0.89 at frequency 1200Hz. All AAC-GCW samples have class C and B
at a high frequency in range 1000 — 1500Hz. Our results indicated the GCW can be used as an alternative natural
source for partial fine aggregate replacement on AAC and improved the compressive strength and acoustic
properties of AAC samples. Generally, AAC-GCW samples have higher sound absorbance coefficient compare to
previous studies and suitable for wall application such as partition walls, party walls, and especially for sound
insulation material.
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1. Introduction

Environmental and acoustical issues are two formidable challenges for Building Regulations or Planning
Authorities. Both noise pollution and MSW increased with increasing the normal growth population and the growth
development [1]. MSW was not only generated from the production stage (before construction), process stage
(construction process), use stage (after construction) and end-of-life stage (de-construction or renovation) but also from
the construction industry. Currently, the majority of MSW is dumped into local landfill in Malaysia. For instance,
almost 94% of MSW such as gypsum waste has been delivered for disposal in landfills [2]. Meanwhile, almost 10%-
30% of MSW such as ceramic waste has also been sent for disposal in landfills each year [3]. Both gypsum and
ceramic waste in local landfills have an adverse effect on the ecological system such as leachate into the environment
and waterways due to its chemical composition such as silica, alumina, and calcium oxide and a small amount of iron,
magnesium, and alkali oxides. In addition, gypsum and ceramic waste in the landfill were also suspected to contribute
to greenhouse gas (GHG) emissions. Specifically, gypsum waste has been recognized as hazardous waste with code
SW 205 [4,5]. Waste material with code SW 2 mentions waste containing principally inorganic constituents which may
contain metals and organic materials. Usually, the major chemical composition of gypsum is calcium sulphate, which
exists in hydrous and non-hydrous i.e. compounds dehydrate (CaSOs-2H.0), hemihydrate (CaSO4-0.5H,0) and
anhydrate (CaS0O.). According to chemical composition, ceramic waste in landfills is more hazardous than gypsum
waste due to the major chemical composition of ceramic silica, alumina, and calcium oxide and the small amount of
iron, magnesium, and alkali oxides [6].

Although gypsum waste has been recognized as hazardous waste but the gypsum material has also been approved
to have a good building material due to its lightweight, excellent moldability, fire resistance, and sound absorption [7].
Gypsum materials have large uses in material building such as dry wallboards [8], clay brick [9] and fire clay brick
[10]. According to Lushnikova and Dvorkin (2016) gypsum materials also have large uses in building materials such as
autoclaved cement cellular concrete, non-autoclaved cement cellular concrete, claydite cement concrete, hollow lime-
sand brick, hollow clay brick, ordinary clay brick, cellular gypsum blocks, gypsum concrete blocks (hollow) and
gypsum concrete blocks (solid) [11]. The positive effect of gypsum addition on the hydration of the quaternary phase-
gypsum system has been reported [12]. Meanwhile, the positive effect of gypsum addition on the mechanical properties
of autoclaved aerated concrete (AAC) has also been reported [13]. Currently, gypsum products have been successfully
used as sound and heat-insulating materials [14-16].

Meanwhile, the ceramic has also been recognized and approved to have a good building material due to its high
surface area and permeability, low density and specific heat capacity, good moisture absorption, high thermal and
acoustic insulation and high chemical resistance in addition to the fact that they are non-flammable and flame resistant,
chemically inert and not-toxic unlike polymeric foams [17]. Ceramic waste's positive effect on concrete's mechanical
properties has been reported [18-19]. Meanwhile, Hamad et al., (2021) studied the positive effect of ceramic waste
powder on the mechanical properties of AAC [20]. In addition, the application of ceramic waste as inorganic insulation
material in buildings has also been studied [21].

Today, acoustical issues also have the biggest problem for urban residential areas along busy streets. The noise
pollution is coming from abnormal sounds. A sound is a form of energy that travels through solids, liquids or gasses in
longitudinal waves by vibrating particles oscillating in a body. Actually, in a building, there are two types of audible
sounds which are airborne sound and impact sound [22]. The speech, speakers, and musical instruments are examples
of airborne sounds. Meanwhile, footsteps, falling objects, vibrating machines, closing doors, and slammed doors are
examples of impact sounds. According to Lu et al. (2000), the sound became noise pollution when the sound level is
above 60 dB and the frequency ranges from 2000 to 5000Hz [23]. For instance, the average noise levels for urban
residential areas along a busy street ranged from 64.2 to 75.2dB over a 24-hour period in Klang Valley, Malaysia [24].
Due to environmental and acoustical issues, some researchers succeeded in producing good absorption materials based
on MSW [25-28]. According to Bave et al. (1978), a good absorption material was not easily prepared due to porosity
[29]. The porosity was suggested to play a key role in determining absorption coefficient values of materials but is
difficult to control [30,31].

AAC is one of the porous lightweight concrete family members and the major chemical compositions were silica,
calcium sulfate and small amount of iron and aluminum [32]. In principle, the chemical composition of AAC such as
silica, calcium sulfate, and a small amount of iron and aluminum has been got from Portland cement, quartz sand, and
lime [33]. Furthermore, the AAC is not only lightweight concrete but also a green building material [34], eco-friendly
environmentally [35], non-combustible building [36], does not emit smoke or toxic gases [37] and a good sound
insulation material [38]. In addition, lightweight concrete has also been used as roof tiles due to its good vibration
performance [39]. Although AAC has many advantages preparing AAC with suitable applications such as a good sound
insulation material was not easy. This may be due to the properties of AAC was depending on many parameters such as
chemical composition [40,41], pore size and pore size distribution [42], autoclave pressure and temperatures [43-46].
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Due to the similarities in the major chemical composition and application of AAC with gypsum-ceramic material,
and in addition to materials with environmental and acoustical issues, it was interesting to study the acoustic properties
of AAC based on gypsum waster as well as ceramic waste as an alternative natural source for the partial fine aggregate
replacement. Using GCW in AAC, this work will offer many advantages to solve several environmental problems such
as reducing explore of large quantities of sand from the river or beach, reducing the landfill areas for GCW and
reducing greenhouse gas (GHG) emissions. In addition, the work is also to support the program of the Malaysian
government to reduce the municipal solid waste (MSW) that has been sent to landfills to 40% and minimize GHG
emissions intensity by 45% by 2030. The objective of this work was to determine the performance of the compressive
strength and acoustic properties of AAC based on GCW and the results were compared to previous research about
lightweight concrete.

2. Materials and Methods

2.1 Materials

Four types of fresh AAC with different ratios of GCW have been prepared according to Table 1. The Portland
cement used for preparing AAC samples was purchased from Pekan Pagoh, Johor. The lime and aluminum powder
used for preparing AAC samples were purchased from industrial chemicals, in Malaysia which fulfills the requirement
of AAC production according to American Society for Testing and Materials (ASTM) C1693-09. The sand as raw
material for this AAC was obtained from Pekan Pagoh, Johor, Malaysia as natural sand. Whereas, the ceramic as partial
replacement for sand was obtained from Prudent Deals Sdn Bhd 18 Lorong SS 1/11A, Petaling Jaya, 47301, Petaling
Jaya, Selangor, Malaysia. The ceramic waste was sorted manually to remove other materials such as soil, stone,
bitumen (asphalt), plasterboard, concrete, AAC, bricks, tiles, plastic, rubber, textile, glass, iron, aluminum, styrofoam,
cable, nail, screw, anchors, wood, carpet, films, wallpaper remains paper, gypsum, etc. Then, ceramic waste was
washed by using water to remove the dust, soil, or sand and dried using the hairdryer. After that, ceramic waste was
ground manually by using Ball Mill Machine to get the ceramic waste powder (CWP). Then, the CWP has sieved
manually to get a particle size of 1-5mm.

The gypsum waste was also obtained from Pekan Pagoh, Johor, Malaysia as natural sand. Whereas, the ceramic as
partial replacement for sand was obtained from Prudent Deals Sdn Bhd 18 Lorong SS 1/11A, Petaling Jaya, 47301,
Petaling Jaya, Selangor, Malaysia. The gypsum waste was sorted manually to remove other materials such as soil,
stone, bitumen (asphalt), plasterboard, concrete, AAC, bricks, tiles, plastic, rubber, textile, glass, iron, aluminum,
styrofoam, cable, nail, screw, anchors, wood, carpet, films, wallpaper remains paper, ceramic, etc. Then, gypsum waste
was ground manually by using a Ball Mill Machine to get the gypsum waste powder (GWP). Our target particle size of
GWHP is also 0.5-1mm. To get the target size of the particle, the GWP has sieved manually. The water used for the
experiment satisfies the technical requirements of the standard for AAC. Water from the laboratory of Kim Hoe Thye
Industries, Johor, Malaysia was used to make AAC slurry (pre-preparation) and fresh AAC.

Table 1 - Fresh AAC with different ratios of GCW

Sample of Different Sand Gypsum  Ceramic Lime Cement Aluminum Water
No ratio (%) Waste Waste (%) (%) Paste (%)
(%) (%) (%)
1. Control Sample (CS) 70.00 0.00 0.00 3.87 17.10 0.65 8.39
2. Sample A_60S 2G 3C  65.00 2.00 3.00 3.87 17.10 0.65 8.39
3. Sample B_50S_2G 8C  60.00 2.00 8.00 3.87 17.10 0.65 8.39
4, Sample C_40S 2G _13C 55.00 2.00 13.00 3.87 17.10 0.65 8.39
2.2 Methods

Raw material of each sample has been weighed according to the mixture proportion of Table 1. The error of
powder material and water has been controlled in +0.1 g, and aluminum (Al) powder was controlled in £0.01 g. For
instance, CS sample, the amounts of sand (70%), cement (17.10%), lime (3.87%) and water (8.39%) has been mixed
together around 5 min and added some Al paste (0.65%) and stirring for 30 seconds to produce slurry. The mixed slurry
has been poured into a 2/3 box mold and shaken slowly until the air bubbles rise to the top. The reaction takes around
30 minutes to expand the mixed slurry into the full mold. This step has been repeated for samples with codes A to C.

Slurry has been cut at the cutting line and cured under hydrothermal conditions for 12 hours at 200°C by using

saturated steam at a pressure of 12 bar.

The compressive strength of all samples has been carried out by using a compressive strength test (ASTM D695)
machine with brand Universal Testing Machine (UTM) Model No: VEW 2308, UTHM, Pagoh. The specimen’s size of
compressive strength was 100x100x100mm. The sound absorption coefficient (o) versus frequency has been carried
out by using Impedance Tube Model No: AED1000 according to ASTM E1050 at low and high frequencies [47]. The
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specimen’s dimension of sound absorption was 30mm and 100mm in radius with a thickness was 100mm for low and
high frequencies respectively (Fig.1). The sound transmission coefficient (t) has been calculated as reflected by sound
absorption samples. Formula for was defined as:

r=1-« €))

Fig. 1 - The specimen’s dimension of sound absorption, (a) low frequency and (b) a high frequency

3. Results and Discussion

Fig. 2 showed the samples in sizes 100 x 100 x 100 mm with different ratios of GCW. All samples showed normal
color behavior in grey. The physical surface of AAC-GCW samples had a free crack which can be seen by the naked
eye. Few data could be collected from Fig. 1 during observation by the naked eye.

Fig. 2 - The fresh AAC based on GCW

3.1 Compressive Strength of AAC-GCW

Fig. 3 shows the compressive strength of fresh AAC based on GCW. The results showed the compressive strength
increased with the increment of GCW. The GCW succeeded in enhancing the compressive strength of AAC samples in
the range of 23.43% to 44.32%. The maximum value of compressive strength was 7.22MPa for 15% wt of GCW. The
increase in the compressive strength of samples may be due to the pozzolanic effect of ceramic waste. According to
Awoyera et al, (2018), ceramic material is pozzolanic material in which the chemical composition has a higher
percentage of silica, alumina, and calcium oxide and a small amount of iron, magnesium, and alkali oxides [48]. The
chemical composition such as silica, alumina, and calcium oxide are responsible for pozzolanic reactivity and
cementitious property [49,50]. Meanwhile, according to Kunchariyakun et al., (2018), the pozzolanic effect of material
always supported the formation of C-S-H, and tobermorite occurs as the major phase of AAC and enhanced the
compressive strength of samples [51]. Furthermore, the calcium sulphate of gypsum waste also contributes to
enhancing the strength of samples which calcium sulfate has played a key role in the formation of tobermorite plates. In
addition, a proper ratio or contain of the gypsum waste could enhanced the strength of concrete [52].
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Fig. 3 - The compressive strength of fresh AAC based on GCW

3.2 Acoustic Properties of AAC-GCW

Fig. 4 shows the sound absorption coefficient of fresh AAC-GCW. The sound absorption coefficient was around
0.32 to 0.89 at 1200 — 1500Hz (Table 2). The sound absorption coefficient increased with increasing of the GCW ratio
from 5 to 15% wt but in different frequency ranges. The sound absorption coefficient for CS was around of 0.33 to 0.78
at a frequency range of 1000 — 1800Hz. Whereas, the AAC with the ratio of 5% and 10% wt of GCW shows a good
sound absorption coefficient value at a frequency range of 1000 to 1400Hz between 0.50 to 0.89. The highest sound
absorption coefficient was shown for the AAC sample with the ratio of 10% wt of GCW at frequency 1200Hz is 0.89.
Especially for AAC with the ratio of 15% wt of GCW, the sample shows a good sound absorption coefficient but at a
high frequency in the range of 1200 to 2000Hz between of 0.38 to 0.87. The AAC sample with the ratio of 10% wt of
GCW also shows a good sound absorption coefficient at low frequency.

Table 2 - The sound absorption coefficient of fresh AAC-GCW

No Frequency Sound absorption coefficient

(Hz2) CS (0%) A (5%) B (10%) C (15%)
1. 350 0.21 0.16 0.30 0.03
2. 450 0.06 0.03 0.09 0.10
3. 500 0.07 0.08 0.18 0.02
4, 600 0.08 0.10 0.24 0.04
5. 700 0.09 0.07 0.18 0.15
6. 800 0.12 0.15 0.18 0.18
7. 900 0.21 0.37 0.35 0.16
8. 1000 0.36 0.65 0.62 0.21
9. 1050 0.45 0.76 0.74 0.28
10. 1200 0.68 0.86 0.89 0.65
11. 1300 0.77 0.72 0.76 0.83
12. 1350 0.78 0.61 0.66 0.87
13. 1400 0.77 0.50 0.55 0.85
14. 1500 0.71 0.32 0.38 0.70
15. 1600 0.59 0.22 0.32 0.53
16. 1700 0.46 0.22 0.35 0.45
17. 1800 0.33 0.24 0.36 0.45
18. 1900 0.25 0.23 0.27 0.38
19. 1950 0.22 0.20 0.23 0.41
20. 2000 0.22 0.17 0.31 0.72
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According to BS EN ISO 11654:1997, the sound absorption class of material refers to the sound absorption
coefficient value at mid-band frequencies of 250Hz, 500Hz, 1000Hz, 2000Hz and 4000Hz. Except for AAC with ratio
10% wt of GCW, all samples are categorized as a class E absorber at low frequencies less than 900Hz. Meanwhile, at a
high frequency (1000 — 1500Hz), the AAC with a ratio of 5% and 10% wt of GCW were categorized as a class C
absorber. Especially for AAC with a ratio of 5% and 10% wt of GCW, the samples were categorized as class B
absorbers at a frequency 1200Hz. Meanwhile, the AAC with the ratio of 15% wt of GCW was also categorized as a
class B absorber but at frequency 1300 to 1400Hz. Material with class D class C absorber refers to a material that
absorbs more than 30% of sound and a class C absorber is able to absorb more than 60% of sound while a class B
absorber is able to absorb between 80% — 85 % of the sound [53].

The AAC-GCW has shown a good sound absorption coefficient may be due to the effect of the gypsum and
ceramic waste. Both gypsum and ceramic waste are porous structure materials [54,55]. The porous structure of gypsum
and ceramics is thought to play an active role in the formation of AAC micropores. According to Bave 1980, the
macro-pores are formed during the aluminum-driven expansion of the slurry, whereas microspores (or gel-pores)
resulted from the packing of tobermorite plates [56]. In addition, the pore size, pore size distribution, and connected
pores and closed pores are also suspected to play a key role in strength and sound absorption coefficient. Maybe in
these results, the micro-pores are more than macro-pores so that the samples have high compressive strength and been
being good absorbers. And in other facts, maybe the closed pore is also more than connected pore. According to Leitch
(1980), the acoustic property is affected by the closed porous structure of materials [57]. Nevertheless, further studies
are needed to evaluate precisely the physical properties of AAC-GCW samples such as major phase, pore size, pore
size distribution, connected pores and opened pores to get the correlation with acoustic properties of samples.

1.0 —r1 r r 1 T T T T T T . fr [ Tt " 1 " T 1 T r T T T 1 T T
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Fig. 4 - The sound absorption of fresh AAC-GCW

The result also showed that the samples have the best value of sound absorption coefficient and did not decrease
with increasing compressive strength. These results contrast with the results of Holmes et al. (2014) which the sound
absorption coefficient of concrete panels based on crumb rubber (CR) increased with decreasing the compressive
strength [58]. The maximum coefficient of sound absorption of Holmes’s sample was 0.20. In 2020, the sound
absorption coefficient of concrete based on coal bottom ash (CBA) for wall concrete application has been reported by
Hanna et al., (2020) [59]. However, the maximum sound absorbers of samples were categorized as class D absorbers i.e
around 0.30 at frequency 500-2000Hz. According to Laskawiec et al., (2016), all of our samples can be categorized as
grade-6 AAC [60]. Meanwhile, the maximum sound absorption coefficient of grade-6 AAC is very low at 0.20 [61].
For instance, the sound absorption coefficient of AAC made by the Hebel enterprise was also very low at 0.25 [62].

In 2006, Laukaitis and Fiks have been investigated three types of AAC i.e AAC gas cement concrete, AAC gas
cement concrete with a combined binder and AAC foam cement concrete with densities around 250-500 kg/m3 [63].
The maximum sound absorption coefficient was 0.36 and 0.21 for samples with densities of 250 kg/m? and 500 kg/m?
respectively. Usually, the AAC with low densities will have a high sound absorption coefficient but not for our results.
Although our samples have a compressive strength of around 5.00 to 7.22MPa, the sound absorption coefficient was
categorized as a class C and B absorber at a high frequency (1000 — 1500Hz). Recently, Manaf et al. (2021) studied the
sound absorption coefficient of LWC based on High-Density Polyethylene (HDPE) plastic waste [64]. But the
maximum coefficient of sound absorption was only 0.47. Another researcher such as Kang et al. (2021), also reported
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the sound absorption coefficient of LWC based on eggshell waste and the maximum sound absorption coefficient was
0.39 [65]. Table 3 showed the comparison in our results with previous studies.

Table 3 - The sound absorption coefficient (SAC) from previous studies

No Sample Densities/Compressive  The maximum of References
strength the sound
absorption
coefficient
1. AAC-CGW Compressive strength 0.89 Our results
6.17 and 6.85MPa
2. Concrete-CR Density 500kg/m?® 0.20 Holmes et al.,[56]
3. Concrete-CBA Compressive strength 0.30 Hanna et al., [57]
30MPa
4.  AAC-grade-6 Compressive strength 0.20 Mathey & Rossiter [59]
55MPa
5. AAC-Hebel Density 500kg/m? 0.25 CSR Hebel [60]
6.  AAC-gas cement Density 500kg/m?® 0.35
AAC- gas cement with-binder Density 500kg/m?® 0.36 Laukaitis & Fiks [61]
AAC- foam cement concrete Density 500kg/m? 0.24
7. LWC-HDPE Compressive strength 0.47 Manaf et al. [62]
97.28 kN
8. LWC-eggshell Compressive strength 0.39 Kang et al. [63]
5.04MPa

Generally, the sound absorption coefficient of material has an inverse correlation with sound transmission
coefficient. Figure 5 shows the sound transmission coefficient of AAC-GCW. The results show that the sound
transmission coefficient of AAC-GCW is very low at the frequency range of 1000-1500Hz. Although the compressive
strength of AAC-GCW increased with the increasing ratio of GCW, it did not affect the sound transmission coefficient.
The sound transmission coefficient also decreased with increasing the GCW ratio. This work showed that the ratio of
GCW has a significant influence on acoustic properties of AAC.
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Fig. 5 - The sound transmission coefficient of fresh AAC-GCW

4. Conclusion

AAC based on GCW as an alternative natural source for partial fine aggregate replacement has been successfully
prepared according to C1693-09. The GCW succeeded in enhancing the compressive strength of AAC samples in the
range of 23.43% to 44.32%. The maximum value of compressive strength was 7.22MPa for 15% wt of GCW. The
sound absorption of all samples has been carried out at a range of 350Hz to 2000Hz according to ASTM E1050. The
results found that AAC-GCW performed well in terms of sound absorbance but in different frequency ranges. The
sound absorption coefficient of sample was around 0.17 to 0.89 at high frequency (1000 — 2000Hz). The best sound
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absorption coefficient was shown by AAC with 10% wt of GCW at 0.89 with the frequency of 1200Hz. All AAC-
GCW samples have class C and B at a high frequency in range 1000 — 1500Hz. Our results indicated that GCW can be
used as an alternative natural source for partial fine aggregate replacement on AAC and improved the compressive
strength and acoustic properties of AAC samples. Generally, AAC-GCW samples have higher sound absorbance
coefficients compared to previous studies and are suitable for wall applications such as partition walls, party walls, and
especially for sound insulation material.
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