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Abstract 
 
The Pulau Pangkor plant is one of five small-scale incinerators in different locations in Malaysia. 
Due to the influence of waste components on the physical and chemical properties of resulting 
municipal solid waste incineration ash, fly ash (MSWI-FA) and bottom ash (MSWI-BA), the ash 
of each plant needs to be studied separately. Therefore, this study aims to investigate the effect 
of using Pulau Pangkor MSWI-FA as a supplementary cementitious material and MSWI-BA as a 
partial replacement for fine aggregate on mortar performance. Several experiments were 
conducted to evaluate the material properties, as well as the properties of fresh and hardened 
mortars, using 5-20% MSWI-FA and 5-25% MSWI-BA replacement ratios. The inclusion of 
MSWI-FA increased mortar flow by up to 16%, whereas the addition of 25% MSWI-BA reduced 
flow by up to 76% relative to the control mix. Replacing cement with MSWI-FA reduced 
compressive strength by 6%–26% across the range of replacement levels, due to MSWI-FA's 
lack of pozzolanic properties. The results also indicated that lower ash density significantly 
reduced the resulting mortar density by up to 23%. The higher water absorption of MSWIA also 
increased the mortar's absorbency; the effect of MSWI-BA was higher. In conclusion, this work 
provides important insights into the future applications of MSWIA in contexts requiring 
lightweight, highly absorbent additives with low compressive strength. 
 
Keywords: Construction materials, MSWI, bottom ash, fly ash, water absorption, compressive 
strength 
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1.0  INTRODUCTION 
 
The construction industry substantially contributes to global 
warming and resource depletion [1]. Approximately 40-50% of 
the worldwide greenhouse gas emissions originate from these 
operations [2]. With increased economic growth, the need for 
construction and urbanization increased, potentially boosting 
global cement demand by about 12–23% above 2020 levels by 
2050 [3]. In addition, the exhaustion of natural resources and 
the high cost of the mining process, especially the aggregate 
usually obtained by riverbeds of the local river, thus becoming 
the global trend towards searching for alternative materials [4]. 
Along with the accelerated urbanization process and the 
improvement of living standards of the population, modern 

society, which is dominated by consumption, produces large 
amounts of different types of waste every year, especially 
municipal solid waste [5], [6]. To protect the environment, 
numerous initiatives are being implemented to recycle these 
types of solid waste and utilize them to produce sustainable 
construction materials [7], [8]. Most industrialized nations are 
increasingly turning to incineration as a waste treatment 
technology due to its ability to significantly reduce the initial 
waste's volume and bulk [9], [10]. For instance, five small-scale 
rotary kiln incinerators were built at five popular tourist 
destinations in Malaysia: Pulau Langkawi, Cameron Highlands, 
Pulau Labuan, Pulau Pangkor, and Pulau Tioman [11]. From the 
incineration work, two types of MSWIA are generated, which 
are MSWI-BA and MSWI-FA. To dispose of this waste ash, many 
researchers have conducted studies on using MSWI-FA as a 
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cement substitute, and MSWI-BA as a substitute for fine 
aggregates. 

After the MSW has been burned out, MSWI-BA is 
discharged from the bottom of the combustion process, 
accounting for approximately 80% of the MSW by quantity [12]. 
The second by-product of incineration is MSWI-FA, which is 
recovered through emissions control equipment. It accounts 
for about 5-20% of the overall amount of burned waste [13]. 
The utilization of these by-products and waste in building 
applications is an intriguing option for the industry. 

Many investigations looked at the characteristics of 
mixtures made with a specified quantity of MSWIA [14], [15]. 
According to Lv et al. [16], using MSWI-FA was led to improve 
the concrete pore structure and compressive strength. Lu et al. 
[17] discovered that MSWI-BA may serve as a partial substitute 
for fine particles in concrete, resulting in enhanced 
compressive strength. Another study by Joseph et al. [18] 
indicated that MSWI-BA is usually considered a non-hazardous 
material. As a result, it is viable to utilize it in a variety of 
applications, such as road base material. These alternative 
materials are additives that contribute to making building 
mixtures more environmentally friendly. 

On the other hand, the supply of MSWI-FA, an important 
supplementary cement material (SCMs) used, has been 
curtailed as a result of the shutdown of thermal power plants. 
This prompts researchers to continue extensive research for 
using MSWI-FA as SCMs. The physical and chemical properties 
of MSWIA cannot be stabilized since they are dependent on a 

variety of parameters  .  However, very few studies have 

combined the effects of MSWI-FA and MSWI-BA on the 
engineering properties of mortar. Therefore, this study aims to 
investigate the chemical and physical characterization of MSW-
FA and MSWI-BA, as well as the fresh and mechanical 
properties of the mortar containing MSWIA. Thus, the use of 
MSWIA as an alternative to cement and fine aggregates in the 
mortar and concrete industry contributes to their proper 
disposal and maintains the sustainability of natural resources. 
 
 

2.0 METHODOLOGY 
 
MSWI-FA and MSWI-BA were collected from Pulau Pangkor, 
Malaysia, as seen in Figure 1. Ordinary Portland Cement (OPC) 
corresponding to ASTM C150 Type I from a single source was 
used throughout the experimental work. As a fine aggregate, 
natural river sand having particles smaller than 4.75 mm was 
used. 

The collected MSWI-FA was used in its raw condition, while 
MSWI-BA and sand were prepared in a saturated surface-dry 
(SSD) condition to maintain the integrity of the water-cement 
ratio. Tap water was utilized in research for mixing, thereby 
curing, and for other applications.  

The present study calculated mortar mix ratios based on 
the volume of the components due to the low bulk density of 
MSWI-FA and MSWI-BA.  The ratio of cement to fine aggregates 
in all mortar mix designs was 1:3. A constant water-binder ratio 
of 0.6 was used for all mixes. A cube size (50 x 50 x 50 mm) was 
used to create the mortar specimens (Figure 2, a).  

In the first stage, MSWI-FA was used to replace cement at 
5%, 10%, 15%, and 20%. The replacement ratio that produced 
the highest compressive strength (5% MSWI-FA) was selected 

for the second stage. In this stage, MSWI-BA replaced sand at 
5%, 10%, 15%, 20%, and 25%, while keeping the MSWI-FA 
content at 5%. To streamline the presentation of the results 
and discussion, each combination is designated with the 
following identifiers: (BA=MSWI-BA), (FA=MSWI-FA). The mix 
proportions for all mortar mixtures are presented in Table 1. 

Fresh mortar workability was evaluated using the ASTM 
C1437 flow table test. For hardened properties, the 
compressive strength test was performed in accordance with 
ASTM C109. Figure 2,c shows the compressive strength testing 
machine. The hard density test was calculated by utilizing a 
measuring scale to determine the weight of the cube (Figure 
2,b). Meanwhile, the Ultrasonic pulse velocity (UPV) was 
measured according to ASTM C597 to assess internal quality. 
Figure 2,d depicts the UPV test on mortar as well as the testing 
equipment. The water absorption test was carried out in 
accordance with BS 1881: Part 122 (2011). The average of three 
specimens was used as the test result for each replacement 
level. All mortar specimens were water-cured at 20 ± 2 °C until 
the designated testing ages. 

 

 
Figure 1 Samples of (a) MSWI-FA and (b) MSWI-BA 

 
 

Table 1 The designs mix proportion for trial mix and design mix (kg per 
cubic meter of mortar) 

 

Specimens 
ID 

OPC 
MSWI-

FA 
Sand 

MSWI-
BA 

Water 

OPC 500 0 1500 0 300 

5FA 475 13 1500 0 300 

10FA 450 27 1500 0 300 

15FA 425 40 1500 0 300 

20FA 400 54 1500 0 300 

5FA+5BA 475 13 1425 29 300 

5FA+10BA 475 13 1350 58 300 

5FA+15BA 475 13 1275 87 300 

5FA+20BA 475 13 1200 116 300 

5FA+25BA 475 13 1125 145 300 

 
 

 

(b) 

 
(a) 
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Figure 2 (a) Casted specimens, (b) Measuring scale, (c) Compressive 
strength machine, (d) UPV equipment 

 
 

3.0 RESULTS AND DISCUSSION 
 
3.1 Materials Characterization 
 
Figure 3 shows that the grading curve of MSWI-BA falls outside 
the standard limit, indicating a coarser particle distribution 
compared to natural sand.    
 

 
Figure 3 Grading of sand and MSWI-BA 

 
 

Table 2 shows the physical properties of OPC, sand, and 
MSWIA. The table indicates that the densities of MSWI-FA and 
MSWI-BA were lower than those of OPC and sand. Therefore, 
adding them reduced the density of the mortar. There was a 
75% passage rate for MSWI-FA via a 45 μm wet sieve. This 
value is acceptable because it is more than the permissible 
limit, which is ≥ 34%, as satisfied by ASTM C618. The 7-day 
strength activity index of MSWI-FA was 59%. While it was 63% 
for 28 days. The values are not acceptable because they are 
below the allowable limits of 75% based on ASTM C311. Hence, 
MSWI-FA does not exhibit sufficient pozzolanic activity and 
primarily functions as a filler in the mortar mix. Besides, the 
water absorption of MSWI-BA (31.7%) was considerably higher 
than that of natural sand (2.9%). It can be attributed to its 

highly porous microstructure, the presence of unburnt organic 
residues, and the irregular and cracked particle surfaces formed 
during the incineration process; these characteristics increase 
the internal pore volume and surface area, leading to 
substantially greater water retention. 

The chemical composition has been examined using X-ray 
Fluorescence (XRF), as presented in Table 3. The total 
proportion of silica, aluminium, and iron was less than 70% 
and, therefore, could not be classified as pozzolan as stated in 
ASTM C618. 
 
 

Table 2 The physical characterizations of materials 
 

Properties OPC 
MSWI-

FA 
Sand 

MSWI-
BA 

Colour Grey Black Yellow Black 

Bulk density (kg/m3) 920 496 1320 512 

% Passing through 45 µm 
wet sieve 

98 75  -  - 

Strength activity index :       
7 days (%) 

100 61  -  - 

28 days (%) 100 65  -  - 

Water absorption at 24 
hours (%) 

 -  - 2.9 31.7 

 
 

Table 3 The chemical characterizations of materials 
 

Parameters  OPC (%) MSWI-FA (%) 

Calcium, CaO 68.3 45.3 

Silica, SiO2  16.4 8.5 

Aluminum, Al2O3  4.2 4.5 

Iron, Fe2O3  3.5 3.2 

Potassium, K2O   0.2 3.0 

Magnesium, MgO   2.4 2.1 

Manganese, MnO    - 0.1 

Sulphur, SO3   4.4 2.5 

 
 
3.2  Workability 
 
The flowability of the mortar is influenced by the proportions of 
MSWI-FA and MSWI-BA, as shown in Figures 4 and 5. An 
increase in MSWI-FA content improves workability because 
MSWI-FA exhibits lower pozzolanic reactivity than OPC. When a 
portion of the cement is replaced with MSWI-FA, fewer early 
hydration reactions occur, resulting in less mixing water being 
consumed for wetting and hydration. As a result, more free 
water remains available to lubricate the particles in the 
mixture, thereby enhancing the mortar's overall flowability. 
This reduction is attributed to the coarser and more angular 
morphology of MSWI-BA compared with natural sand, which 
lowers packing density and increases internal friction during 
mixing. Consequently, the mortar requires more free water to 
retain the same consistency, even when MSWI-BA is used in 
saturated surface-dry (SSD) conditions. As the proportion of 

(a) (b) 

(c) (d) 
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MSWI-BA increases, the mortar becomes progressively stiffer 
and exhibits lower flowability due to the reduced fine particle 
content and the mechanical interlocking of the angular MSWI-
BA particles. Similar behaviour associated with MSWI-FA and 
MSWI-BA incorporation was reported by Irshidat et al. [19]. 
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Figure 4 Effect of MSWI-FA addition on flowability 
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Figure 5 Effect of MSWI-BA addition on flowability 

 
 
3.3 Density 
 
Mortars containing MSWI-FA have been found to provide a 
lighter density than OPC mortar (Figure 6). This is due to the 
low density of MSWI-FA molecules. Thus, the higher the 
percentage of cement replacement with MSWI-FA, the lighter 
the resulting mortar. On the other hand, the densities of the 
mix comprising 5%, 10%, 15%, 20%, and 25% of sand 
substituted by BA are 2095, 1995, 1961, 1880, and 1700 kg/m³, 
respectively, which corresponds to 5%, 9%, 11%, 15% and 23% 
reduction. Densities of mixtures after 28 days of curing are 
shown in Figure 7. MSWI-BA (512 kg/m³) has a lesser density 
than sand (1320 kg/m³). Consequently, when MSWI-BA is used 
as a partial substitute for sand in mortars, the density is 
expected to decrease as the BA percentages in mixtures rise.  
Caprai et al. [20] observed a similar phenomenon. 
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Figure 6 Density of mortar containing MSWI-FA 
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Figure 7 Density of mortar containing MSWI-BA 

 
 

Meanwhile, this reduction in density correlates with a 
decline in compressive strength, as the lighter MSWIA particles 
contribute less to the load-bearing capacity of the mortar [21]. 
The linear correlation between density and compressive 
strength of MSWIA mortar can be seen in Figure 8. The 
coefficient of determination, R², was 97.4 %, which shows a 
good prediction of the relationship. 
 

y = 0.0148x - 5.6686
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Figure 8 The relationship between density and compressive strength of 
MSWIA mortar 
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3.4 Compressive Strength 
 
For the properties of mortar in the hardened state, all mortar 
samples with MSWI-FA content showed a decrease in 
compressive strength as more MSWI-FA was added, as shown 
in Figure 9, consistent with the limited pozzolanic activity 
indicated by the ash's low strength activity index in Table 2. As 
cement is progressively replaced by raw MSWI-FA, fewer C–S–H 
and other hydration products form, leading to a more porous 
matrix and a weaker interfacial transition zone. Therefore, the 
mix with 5% MSWI-FA, retaining about 87% of the control 
compressive strength, can be considered an acceptable 
compromise between mechanical performance and waste 
utilization, whereas higher replacement levels result in 
excessive strength loss. A similar trend has been reported by Li 
et al. [22], who found that the use of untreated MSWI-FA as a 
SCM in mortar reduces compressive strength due to its low 
reactivity and dilution of clinker phases. Ghazalia et al. [23] 
reported that increasing MSWI-FA content leads to higher total 
porosity and lower strength in mortar or concrete matrices. 

On the other hand, compressive strength generally 
decreases as MSWI-BA is replaced with sand compared to OPC 
mortar regardless of the curing period, as stated in Figure 10. 
Replacing sand with 5%, 10%, 15%, 20%, and 25% MSWI-BA 
resulted in strength reductions of 6%, 11%, 15%, 21%, and 26%, 
respectively, which is consistent with the trend reported by 
Caprai et al. [24]. This reduction can be attributed primarily to 
the highly porous nature of MSWI-BA. Although MSWI-BA was 
used in the SSD condition, its internal pore structure still 
promotes the formation of a less compact mortar matrix and 
weakens the interfacial transition zone, leading to lower 
strength development [25]. In addition, MSWI-BA particles are 
coarse, less dense and more irregular than natural sand, which 
further increases the number of voids and disrupts particle 
packing within the matrix. These combined factors reduce 
compactness and hinder efficient load transfer, ultimately 
resulting in a noticeable decrease in compressive strength as 
the MSWI-BA replacement level increases. 
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Figure 9 Effect of adding MSWI-FA on compressive strength of OPC 
mortar 
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Figure 10 Impact of adding MSWI-BA on the compressive strength of 
MSWI-FA mortar 

 
 
3.5 Water Absorption 
 
Figure 11 and Figure 12 show the effect of using MSWIA on 
mortar water absorption. The mortar's water absorption 
marginally increased once the cement was replaced with 
MSWI-FA due to its low pozzolanic activity compared to 
traditional supplementary cementitious materials. This low 
reactivity results in fewer hydration products, which are crucial 
for filling voids; thus, higher water absorption occurs. 
Furthermore, there is a steady increase in water absorption 
with MSWI-BA content. The data indicate that water 
absorption after 7 days significantly exceeded that after 28 
days. This occurs because water is required for the curing 
process. Subsequently, the shape and dimensions of the pores 
diminish as they get saturated with hydration-calcium silica 
hydrates. The increase in water absorption percentage with 
25% replacement of sand with MSWI-BA was five times 
compared to MSWI-BA-free mortar due to the rise in MSWI-BA 
absorption itself, and this was similar to the result observed by 
Ghanem et al. [24] and Taherlou et al. [26]. However, this could 
be related to the increased surface area of BA due to the 
angular molecular form of the MSWI-BA surface, which leads to 
enhanced water absorption. Additionally, the MSWI-BA utilized 
in this research was water-absorbent due to its surrounding 
dust, which has been shown to absorb extra water. 

The water absorption value and the compressive strength 
of MSWIA mortar have a strong linear correlation, as shown in 
Figure 13. The coefficient of determination (R2) value of 98.3% 
showed a good prediction of the relationship. The elevated 
water absorption capacity of MSWIA mortar necessitated the 
incorporation of more water to get the requisite workability 
(the water-to-cement ratio was 0.6). This results in increased 
porosity after evaporation, in addition to the incomplete 
pozzolanic reactions, thereby reducing its compressive 
strength. 
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Figure 11 Effect of MSWI-FA on the water absorption of mortar 
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Figure 12 Effect of MSWI-BA on the water absorption of mortar 
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Figure 13 The relationship between water absorption and compressive 
strength of MSWIA mortar  
 
 

3.6 UPV 
 
For mortars containing MSWI-FA and MSWI-BA, all UPV values 
of MSWI-BA's mixtures fall within 3000-3500 m/s. This 
indicates doubtful mortar quality due to the high MSWI-BA 
adsorption capacity, which results in void formation that causes 
lower UPV values. The linear relationship between UPV and 
compressive strength of mortar was shown in Figure 14. The 
correlation was determined using cube mortar values of UPV 
from 3788 m/s to 3020 m/s and the compressive strength from 
31.2 MPa to 20.01 MPa, respectively. The coefficient of 
determination, R2, was 99.4%, which represents good 

confidence in the relationship. It was found that the 
compressive strength of mortar decreased when UPV values 
decreased. 
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Figure 14 Relationship between UPV and compressive strength of 
MSWIA mortar 
 
 

4.0  CONCLUSION 
 
The aim of this study was to evaluate MSWI-FA and MSWI-BA 
from Pulau Pangkor, Malaysia, as viable components for 
construction materials. The conclusions are drawn as follows: 
1) From the results of physical and chemical properties, this 

study found limitations in the use of raw MSWI-FA as an 
OPC substitute due to its low content of pozzolanic 
components. However, it can be used in small quantities 
to improve workability. On the other hand, MSWI-BA 
should be treated before being used in construction  
owing to its elevated water absorption relative to natural 
aggregate. 

2) In the fresh state of the mortar, the flow rate increased as 
the proportion of MSWI-FA that was replaced with cement 
increased. While a clear decrease in the mortar flow rate 
was observed with increasing MSWI-BA sand replacement 
ratio. It is suggested to use it in SSD condition or add a 
superplasticizer as an admixture to increase workability. 

3) Replacing 5% MSWI-FA with cement and 5-25% MSWI-BA 
with sand led to a change in the compressive strength, 
density, and UPV values of the mortar in an inverse 
proportion as the replacement ratios increased. While the 
absorption rates were steadily increasing. 

Therefore, this study provides valuable insights into the 
potential use of MSWIA in situations where lightweight or 
highly absorbent admixtures are required, such as pavements. 
At the same time, further investigation is needed into the 
potential for strength enhancement when superplasticizers are 
added as well as the effect of aggressive environments. 

 
 

Acknowledgement 
 
The authors wish to express their gratitude to Universiti 
Teknologi Malaysia for providing financial support for this 
research under the UTM Encouragement Research Grant No. 
Q.J130000.3822.31J15. 

 



509                                                       Sura Shamkhi Altaher et al. / ASEAN Engineering Journal 16:3 (2026) 503–509 

 

 

Conflicts of Interest 

 
The author(s) declare(s) that there is no conflict of interest 
regarding the publication of this paper. 

 
 
References 

 
[1] Huang, W., Shuai, C., Xiang, P., Chen, X., Zhao, B. and Sun, J., 2024. 

Assessing the consumption-based Water Use of Global 
Construction Sectors and its impact to the local water shortage. 
Water Resources Management, 1-16. DOI: 
https://doi.org/10.1007/s11269-024-03944-3 

[2] Xia, B., Ding, T. and Xiao, J., 2020. Life cycle assessment of concrete 
structures with reuse and recycling strategies: A novel framework 
and case study. Waste Management. 105: 268-278. DOI: 
https://doi.org/10.1016/j.wasman.2020.02.015 

[3] Cheng, D., Reiner, D.M., Yang, F., Cui, C., Meng, J., Shan, Y., Liu, Y., 
Tao, S. and Guan, D. 2023. Projecting future carbon emissions from 
cement production in developing countries. Nature 
Communications, 14: 8213. DOI:https://doi.org/10.1038/s41467-
023-43660-x 

[4] Dinh, H.L., Liu, J., Ong, D.E. and Doh, J.H., 2022. A sustainable solution to 
excessive river sand mining by utilizing by-products in concrete manufacturing: 
A state-of-the-art review. Cleaner Materials, 6: 100140. DOI: 
https://doi.org/10.1016/j.clema.2022.100140 

[5] Song, H., Fan, S., Che, J., Yao, J. and Lee, Y., 2024. Physical & 
mechanical properties of pervious concrete incorporating 
municipal solid waste incineration bottom ash. Journal of Building 
Engineering, 96: 110599. DOI: 
https://doi.org/10.1016/j.jobe.2024.110599 

[6] Voukkali, I., Papamichael, I., Loizia, P. and Zorpas, A.A., 2024. 
Urbanization and solid waste production: Prospects and 
challenges. Environmental Science and Pollution Research, 31(12): 
17678-17689. DOI: https://doi.org/10.1007/s11356-023-27670-2 

[7] Coffetti, D., Crotti, E., Gazzaniga, G., Carrara, M., Pastore, T. and 
Coppola, L., 2022. Pathways towards sustainable concrete. Cement 
and Concrete Research, 154: 106718. DOI: 
https://doi.org/10.1016/j.cemconres.2022.106718 

[8] Chen, L., Yang, M., Chen, Z., Xie, Z., Huang, L., Osman, A.I., Farghali, M., 
Sandanayake, M., Liu, E., Ahn, Y.H. and Al-Muhtaseb, A.A.H., 2024. 
Conversion of waste into sustainable construction materials: A review of 
recent developments and prospects. Materials Today Sustainability. 100930. 
DOI: https://doi.org/10.1016/j.mtsust.2024.100930 

[9] Liu, Y., Mo, Z., Su, Y. and Chen, Y., 2022. State-of-the-art controlled 
low-strength materials using incineration industrial by-products as 
cementitious materials. Construction and Building Materials, 345: 
128391. DOI: https://doi.org/10.1016/j.conbuildmat.2022.128391 

[10] Sharma, S.N., Dehalwar, K. and Singh, J., 2024. Emerging 
techniques of solid waste management for sustainable and safe 
living environment. In Solid Waste Management: Advances and 
Trends to Tackle the SDGs. 29-51. Cham: Springer Nature 
Switzerland. DOI: https://doi.org/10.1007/978-3-031-60684-7_3 

[11] Bashir, M.J.K., Ng, C.A., Sethupathi, S. and Lim, J.W., 2019, June. 
Assessment of the environmental, technical and economic issues 
associated with energy recovery from municipal solid waste in 
Malaysia. In IOP Conference Series: Earth and Environmental 
Science. 268(1): 012044. IOP Publishing. DOI: 
https://doi.org/10.1088/1755-1315/268/1/012044 

[12] Hjelmar, O. (1996). Disposal strategies for municipal solid waste 
incineration residues. Journal Of Hazardous Materials, 47(1-3): 
345-368.DOI:https://doi.org/10.1016/0304-3894(95)00111-5 

[13] Weibel, G., Eggenberger, U., Schlumberger, S. and Mäder, U.K., 
2017. Chemical associations and mobilization of heavy metals in fly 
ash from municipal solid waste incineration. Waste Management. 
62: 147-159. DOI: https://doi.org/10.1016/j.wasman.2016.12.004 

[14] Wu, Y., Wang, Y., Han, W. and Yao, Y., 2025. Evaluating the 
utilization of municipal solid waste incineration ash in enhancing 
ceramsite aerated concrete blocks. Alexandria Engineering Journal, 
114: 292-299. DOI: https://doi.org/10.1016/j.aej.2024.11.107 

[15] Mao, J., Zhou, A., Liang, Y. and Liu, T., 2024. Innovative dual-
benefit recycling and sustainable management of municipal solid 
waste incineration fly ash via ultra-high-performance concrete. 
Science of the Total Environment, 957: 177852. DOI: 
https://doi.org/10.1016/j.scitotenv.2024.177852 

[16] Lv, Y., Yang, L., Wang, J., Zhan, B., Xi, Z., Qin, Y. and Liao, D., 2022. 
Performance of ultra-high-performance concrete incorporating 
municipal solid waste incineration fly ash. Case Studies in 
Construction Materials, 17: e01155. 
DOI:https://doi.org/10.1016/j.cscm.2022.e01155 

[17] Lu, J., Yang, X., Lai, Y., Wan, X., Gao, J., Wang, Y., Tan, L. and Deng, 
F., 2024. Utilization of municipal solid waste incinerator bottom 
ash (MSWIBA) in concrete as partial replacement of fine aggregate. 
Construction and Building Materials, 414: 134918. DOI: 
https://doi.org/10.1016/j.conbuildmat.2024.134918 

[18] Joseph, A.M., Snellings, R., Van den Heede, P., Matthys, S. and De 
Belie, N., 2018. The use of municipal solid waste incineration ash in 
various building materials: a Belgian point of view. Materials, 
11(1): 141. DOI: https://doi.org/10.3390/ma11010141 

[19] Irshidat, M.R., Al-Nuaimi, N. and Rabie, M., 2021. Potential 
utilization of municipal solid waste incineration ashes as sand 
replacement for developing sustainable cementitious binder. 
Construction and Building Materials, 312: 125488. DOI: 
https://doi.org/10.1016/j.conbuildmat.2021.125488 

[20] Caprai, V., Lazaro, A. and Brouwers, H.J.H., 2019. Waterglass 
impregnation of municipal solid waste incineration bottom ash 
applied as sand replacement in mortars. Waste Management, 86: 
87-96. DOI: https://doi.org/10.1016/j.wasman.2019.01.025 

[21] Kadhim, F.J., Attaee, M.H., Almusawi, J.K. and Abed, M.S., 2023. A 
study of characteristics of man-made lightweight aggregate and 
lightweight concrete made from expanded polystyrene (eps) and 
cement mortar. Open Engineering, 13(1): 20220432. DOI: 
https://doi.org/10.1515/eng-2022-0432 

[22] Li, H., Peng, Y., Xu, M., Wang, Y., Ding, J., Ma, B., Jin, L., Lu, S. and 
Yan, J. 2024. Use of municipal solid waste incineration fly ash as a 
supplementary cementitious material: CO2 mineralization coupled 
with mechanochemical pretreatment. Environmental Research, 
242: 117799. DOI: https://doi.org/10.1016/j.envres.2023.117799 

[23] Ghazalia, E., Joharia, M. A. M., Norb, N. M., & Fauzib, M. A. 2025. 
Microstructural and Durability Performance of Mortar 
Incorporating Clinical Waste Incineration Fly Ash and Silica Fume. 
Jurnal Kejuruteraan, 37(3): 1179-1195. 
DOI:https://doi.org/10.17576/jkukm-2025-37(3)-08 

[24] Caprai, V., Schollbach, K. and Brouwers, H.J.H., 2018. Influence of 
hydrothermal treatment on the mechanical and environmental 
performances of mortars including MSWI bottom ash. Waste Management, 
78: 639-648. DOI: https://doi.org/10.1016/j.wasman.2018.06.030 

[25] Ghanem, H., Khatib, J. and Elkordi, A., 2020. Effect of partial 
replacement of sand by mswi-ba on the properties of mortar. BAU 
Journal-Science and Technology, 1(2): 4. DOI: 
https://doi.org/10.54729/2959-331X.1018 

[26] Taherlou, A., Asadollahfardi, G., Salehi, A.M. and Katebi, A., 2021. 
Sustainable use of municipal solid waste incinerator bottom ash 
and the treated industrial wastewater in self-compacting concrete. 
Construction and Building Materials, 297: 123814. DOI: 
https://doi.org/10.1016/j.conbuildmat.2021.123814 

 


