
IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

Recycling of coal bottom ash (CBA) as cement
and aggregate replacement material: a review
To cite this article: R Embong et al 2021 IOP Conf. Ser.: Earth Environ. Sci. 682 012035

 

View the article online for updates and enhancements.

You may also like
Pulsed Galvanostatic Electrodeposition of
Copper on Cobalt Using a pH-Neutral
Plating Bath and Electroless Seeds
D. E. Simpson, C. A. Johnson and D. Roy

-

IGRINS Slit-viewing Camera Software
Hye-In Lee, Soojong Pak, Gregory N.
Mace et al.

-

The Spin-period History of Intermediate
Polars
Joseph Patterson, Enrique de Miguel,
Jonathan Kemp et al.

-

This content was downloaded from IP address 103.53.32.15 on 15/09/2022 at 07:29

https://doi.org/10.1088/1755-1315/682/1/012035
/article/10.1149/2.0171901jes
/article/10.1149/2.0171901jes
/article/10.1149/2.0171901jes
/article/10.1088/1538-3873/ab6ba0
/article/10.3847/1538-4357/ab863d
/article/10.3847/1538-4357/ab863d
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstFQzN_yHwGdfJ14PIeohUudUScJG13gulZ4G3w0LZf9lJpXNM1Pq3dsyk-qR7UN8Gd1DDMX3mfFUb-Y2LcCUUejOy3Vsn_AnbwDE2lrjdmDhDhkkw3VOFOrw-f2AzTgpswKXs2ejDUIJFPog39bVPMnMVpD0x3fO7Ijj3rT-qo94yNULHaNKDeVvB9cE8Rw4UoLmp7bZxrwBjbbC9KZ2JVuhRDzvgsyfIjbhyOEaEhjO0xVYiZDdBJ0orA8KleyjffPk_7PO0uwxejFZDokjFlmTZYzbv2zYh1L_2PqkVfBg&sai=AMfl-YTbB78x1REtqqaIHkcDWVBQi2xmDjU-vp5wpiDeQAS2A1FqXmGQo3vXhk2mWDbFo81MrHceXI8a4tDs6k0&sig=Cg0ArKJSzHbYDvCugPKl&fbs_aeid=[gw_fbsaeid]&adurl=https://community.electrochem.org/eWeb/DynamicPage.aspx%3Fwebcode%3DEventInfo%26Reg_evt_key%3Dcdc97533-dd9f-4411-a7c2-faa5b85a1388%26utm_source%3DIOP%26utm_medium%3DADV%26utm_campaign%3D242Reg


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

4th National Conference on Wind & Earthquake Engineering
IOP Conf. Series: Earth and Environmental Science 682 (2021) 012035

IOP Publishing
doi:10.1088/1755-1315/682/1/012035

1

 
 
 
 
 
 

Recycling of coal bottom ash (CBA) as cement and aggregate 

replacement material: a review 

R Embong
1,*

, A Kusbiantoro
2
, K Muthusamy

1
 and N Ismail

3
 

1
Faculty of Civil Engineering Technology, Universiti Malaysia Pahang, Lebuhraya Tun Razak, 

26300 Gambang, Pahang, Malaysia 
2
Faculty of Engineering Technology, University Tun Hussien Onn, Kampus Pagoh, Hab 

Pendidikan Tinggi Pagoh, 86400 Panchor, Johor, Malaysia  
3
College of Engineering, Universiti Malaysia Pahang, Lebuhraya Tun Razak, 26300 Gambang, 

Pahang, Malaysia 

 
*
corresponding author: rahimahe@ump.edu.my 

Abstract. The construction sector is a significant contributor to greenhouse gas emissions that 

contribute to global warming. Therefore, utilizing ‘green and recycled by-products’ in 

construction is a measure towards a sustainable future. Coal Bottom Ash (CBA) generated 

from thermal power plants has increases in production. This causes disposal problems. 

However, due to the ongoing depletion of natural limestone in cement production and 

aggregate in construction, this material may be used as a recycled construction material. This 

paper presents a comprehensive analysis of CBA’s physical and chemical properties and the 

impact on the use of CBA as aggregate or cement. A small volume of CBA can substitute fine 

aggregates without compromising the strength of the concrete. Further research remains to be 

carried to explore the potential of this material in producing concrete with enhanced strength.  

1. Introduction 

Coal is the main fuel for energy production in almost every country in the world. The largest coal 

plants are found in North America, Russia, Europe, China, and Australia [1, 2]. In 2014, 

approximately 18 million tonnes of coal bottom ash (CBA), which is the incombustible leftover part of 

the incinerated waste, came from coal plants in Europe [3]. It is estimated that there are more than 850 

gigatonnes of proven coal reserves around the world, which would last for more than 130 years, with 

the current rates of production [4]. The solid wastes collected from these industries are referred to as 

coal combustion products (CCP) and can be categorized as coal fly ash (CFA), coal bottom ash 

(CBA), boiler slag (BS), and flue gas desulfurization (FGD) solids [5]. Approximately 40% of these 

wastes are used in a variety of applications, while the remaining 60% are managed in storage and 

disposal sites [6]. In general, coal is composed primarily of carbon and hydrogen, with some mineral 

matters, such as clay, quartz, shales, and calcite [7]. The percentages of these matters vary based on 

coal types and sources [7].  The quantity of CBA produced at a thermal power plant depends on the 

amount of coal burned, combustion conditions, and the amount of mineral and other metal compounds 

in the coal. According to the Environmental Protection Agency (EPA), living next to a coal ash 

disposal site could increase human health risks of cancer and other diseases. However, significant 

quantities of minerals and metals present in the residues offer various opportunities for reutilizing. 

Production and utilization of CCP by-products are shown in Table 1 [8]. 
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Table 1. Production and usage of coal waste by-products (kilo tonnes) [8] 

Country Australia Canada EU Japan USA 

Year 2012 2009–2011 2009 2003 2012 

Production 12,797 7,042 51,806 9,870 109,750 

Utilization 
5,385 

(42.1%) 

1,724 

(24.5%) 

47,755 

(92.2%) 

8,380 

(84.9%) 

51,887 

(47.3%) 

Type of utilization 
    

Cement based 

materials 
1,904 581 5,958 6,327 5,324 

Construction 

application 
361 1,010 20,417 1,014 27,901 

Mining 

application 
81 97 

Incorporated in 

construction work 
204 12,812 

Geotechnical 

purpose 
41 - 20,633 93 510 

Agriculture 0.6 - 59 79 683 

Waste 

stabilization 
34.5 - 206 5 3,053 

Others 2,963 36 482 658 1,604 

References
a
 

ADAA, 

2012 
CIRCA, 2013 ECOBA, 2009 

JCOAL, 

2003 
ACAA, 2012 

a
Ash Development Association of Australia (ADAA); Association of Canadian Industries Recycling 

Coal Ash (CIRCA); European Coal Combustion Products Association (ECOBA); Japan Coal Energy 

Center (JCOAL); American Coal Combustion Products Association (ACAA). 

Numerous recycling industries prefer to deal with CFA compared to CBA due to its beneficial 

characteristics. CFA particles are very fine and easy to bind and solidify. Especially when combined 

with water, making them an ideal constituent in concrete and the production of wallboards. These coal 

products were found to be stronger than those from virgin or raw materials and the recycling methods 

would render the toxic elements within CFA harmless. The use of CFA has more than doubled since 

the mid-1990s. More than 40% of the United States’ CFA production is re-processed into cement, road 

base, drywall, bauxite, shingles, and plastic filler. On the other hand, CBA is barely as useful as CFA, 

even though the coal-fired power plant industry has tried to develop beneficial options, such as 

geotechnical fill and road-base filling material. This is because CBA would remain toxic even after it 

has been recycled. Since scrap metal recovery rate depends on the different compositions and 

technology used, some metals, such as aluminum, would be able to dissolve in water and produce gas 

that may cause an expansion in concrete, which is a significant concern over the failure of products 

containing this type of ash [9, 10]. Hence, these metal compounds must be reduced before the ash can 

be utilized. 

2.0 Properties of CBA 

2.1 Physical and Chemical Properties of CBA 

CBA is comprised of inert, non-combustible materials that are leftover or retained after the 

combustion process. It comes in various forms of sand, stones, and ashes. Physically, these particles 

are porous, dark grey in color, angular and irregular in shape, rough texture, well-graded, and lighter 
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than the natural aggregate [11]. It may also contain metals that would remain in the residual waste. 

Figure 1 shows the appearance of CBA after the incineration process, and Figure 2 shows the scanning 

electron microscope (SEM) images, which show CBA particles having disordered shapes. The size of 

this industrial waste varies from fine sand to gravel.  

 

Figure 1. Coal bottom ash [12] 

 

Figure 2. SEM images of coal bottom ash [13] 

 

Table 2 lists the physical properties of CBA according to previous literature studies. The range of 

specific gravity varies from 1.39 to 2.47. Its unit weight and density were reported to be 948 and 2,190 

kg/m
3
, respectively. CBA has been identified to have a specific gravity that ranges between 1.39 and 

2.47, which categorizes it as less dense than the typical value of natural sand (2.65). However, the 

density of CBA still depends on how the material was processed. CBA samples that underwent a 

screening process had an average specific gravity of 2.37, with most in the range from 2.2 and 2.5 

[14]. Meanwhile, samples that were sieved into fine aggregates had an average specific gravity of 

2.34, which was less dense than the coarse fractions [15-18]. Findings on CBA samples that 

underwent metal recovery (ferrous and non-ferrous metal exclusion) and pre-treatment (washing) 

showed that its specific gravity was 2.2 due to the elimination of metal elements, such as aluminium 

(Al), copper (Cu), iron (Fe), and lead (Pb). Different specific gravity values reported for CBA could be 

influenced by the additional mechanical treatment, namely, grinding the particles into a smaller size. 

This grinding process may reduce porosity while simultaneously increase the density. 

Table 2. Physical properties of CBA according to previous studies 

Properties Value Sources 

Specific gravity 1.39 – 2.47 [19-24] 

Loose bulk density (kg/m
3
) 620 [19, 25] 

Compacted bulk density (kg/m
3
) 660 [19, 25] 

Unit weight (kg/m
3
) 948 [19] 

Density (kg/m
3
) 2190 [19] 

Fineness modulus 1.37 – 3.44 [19, 22, 24] 

Water absorption (%) 5.45 – 32.2 [19, 22, 24, 26, 27] 

Clay lumps and friable particles (%) 2.0–2.4 [19] 

Loss of ignition (LOI) 3.8 [21] 
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One of the unique characteristics of CBA is the tendency of the particles to absorb water. High water 

absorption ranging from 5.45% to 32.2% had been reported by previous researchers ( 

Table 2). This value means that the absorption properties of CBA particles are greater than the natural 

fine aggregate, which is in the range of 1% to 3% [28]. Other studies have reported different sizes of 

CBA, which indicated that a small fraction would typically have a higher absorption index value that 

could be influenced by larger specific areas [29-32]. Meanwhile, CBA from the Tanjung Bin Power 

Plant, Malaysia [33] has CBA particle size distribution that was similar to natural river sand. The test 

was conducted by sieving river sand and CBA using different sieve sizes measuring 10 mm, 5 mm, 

2.36 mm, 1.18 mm, 600 µm, 300 µm, and 150 µm. The results showed that CBA would be an ideal 

material in enhancing the strength properties of concrete. In other types of processing CBA in 

industries, large fractions of 30, 40, or 50 mm are customarily removed as part of a standard screening 

process. Figure 3 shows the particle distribution curve of CFA and CBA with an additional grinding 

step before being utilized in concrete, as studied by Argiz et al. [21].  

 

Figure 3. Granulometric distribution of CFA and ground CBA[21] 

CBA in this study was ground using laboratory mill (48-L) capacity to reach a residue of 3% on a 450 

µm. Further changes to the grading size of CBA were reliant on the plant operation and end-use of the 

material, which included sieving and grinding, as well as treatment via ferrous and non-ferrous 

removal. Chemically, the composition of CBA varies based on the nature of the materials used to 

incinerate, the process of burning, and further treatment [34]. Commonly, CBA is composed of 1% of 

unburnt or non-combustible materials, 9% of glass cullet, 10% of metals (ferrous at 8% and non-

ferrous at 2%), 40% of ash, and 40% of melting products [35]. Table 3 lists the chemical composition 

of CBA reported by previous studies. 

Table 3. Chemical oxide composition from previous studies 

Component/ 

Sources 
[21] [36] [37] [38] [22] [39] 

SiO2
 52.4 59.82 52.5 48.0 45.3 56.44 

Al2O3
 27.5 27.76 17.65 20.1 18.1 26.24 

Fe2O3
 6.6 3.77 8.3 8.77 19.84 8.44 

CaO 2.4 1.86 4.72 7.11 8.7 0.75 

MgO 1.83 0.7 0.58 3.13 0.969 0.4 

SO3
 - 1.39 0.84 - 0.352 0.24 

K2O 3.48 1.61 - - 2.48 1.29 
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Na2O 0.36 0.33 - - - 0.09 

TiO2
 0.97 - 2.17 1.11 3.27 3.36 

CI 
0.00

6 
- - - - - 

P2O5
 0.12 - - - 0.351 - 

Loss on ignition 3.8 4.69 4.01 8.10 - 0.89 

 

The main oxides present in CBA are SiO2 (45.3% – 59.82%), and Al2O3 (17.65% – 27.76%), while 

Fe2O3 (3.77% – 19.84%), K2O (1.29% – 3.48%), CaO (0.75% – 8.7%), and MgO (0.40% – 3.13%) 

were also identified in smaller quantities. The CBA was found to have a range of loss of ignition 

(LOI) between 0.89 – 8.10. A high LOI value, as influenced by its organic compounds and other 

impurities, such as carbon, may compromise the structural integrity and mechanical performance of 

the material. The observed difference in those mentioned above chemical and physical properties was 

probably due to the changes in different combustibles conditions, such as ash temperature, duration, 

and the fuel used. Additional pre-treatment step for CBA samples is needed to reduce the LOI value 

before it can be effectively used in concrete. In terms of elemental composition, Si, Fe, Ca, and Al are 

the most abundant elements in CBA [14]. Several toxic elements, such as Zn, Cu, Pb, Cr, Ni, Cd, and 

As were found in smaller percentages. However, these toxic metal compounds are essential elements 

to consider during the Environmental Impact Assessment (EIA) of leaching risks. The existence of 

aluminum in CBA has become an issue due to the formation of hydrogen gas in the cementitious 

system [10, 40-42]. Quartz is the most abundant element found in CBA, along with other minerals 

(calcite, hematite, magnetite, and gehlenite). Other peaks detected by XRD in CBA were silicates, 

aluminates, aluminosilicates, sulfates, oxides, and phosphates [43, 44]. The high amount of silicon and 

calcium in CBA shows its significant potential to be utilized as a cementitious based material. As well, 

the amorphous phase was detected in CBA [45] along with high-intensity crystalline peaks of quartz 

(SiO2), calcite (CaCO3), and calcium aluminate silicate (CaO.Al2O3.4SiO2), with a low glassy phase in 

the XRD results (shown in Figure 4). The glass contents ranging mostly from 15% to 70% [34, 46-48]. 

 

Figure 4. X-ray diffraction patterns of coal bottom ash[45] 

2.2 Pozzolanic properties of CBA 

In terms of pozzolanic reactivity, CBA is less favorable compared to CFA because its physical and 

chemical properties lack the criteria of a good pozzolan. In general, several factors must be considered 

before CBA can be labeled as a pozzolanic material. The main criteria of a good pozzolan include the 
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total amount of silica, alumina, and iron content, particle fineness, and the degree of amorphousness. 

A pozzolanic reaction will only begin when there is a consumption of silica content from the ashes by 

the hydration product of calcium hydrate to form additional calcium silicate hydrate (C-S-H) in the 

cementitious system. Thus, the additional formation of C-S-H will improve the strength and durability 

properties of concrete. Therefore, higher amorphous silica content in a pozzolan will increase its 

pozzolanic performance. In Malaysia, CBA is infrequently used as a pozzolanic material in 

cementitious-based products. This is mainly due to insufficient knowledge regarding the proper use of 

CBA. In terms of silica content, Wongsa et al. [49] reported that the composition of CFA was similar 

to CBA, in which both contained 74.4% and 72.2% of silica oxide, 16.6% and 16.5% of aluminium 

oxide, and 2.4% and 2.6% of iron oxide, respectively. Therefore, the total amount of these three 

chemical oxides were higher than 70%, which was in agreement with ASTM C 618 for pozzolanic 

materials, class F [50]. However, most of the previous studies suggested that the fineness of CBA 

should be increased since the raw ash would come in the particle size range of 0.1 to 5 mm, or more 

than 95% retained on a sieve No. 325 [51-53]. 

Pozzolanic performance of CBA studied by Cheriaf et al. [52] revealed that the pozzolanic reaction 

proceeded slowly at the early age of curing and started to accelerate after 28 days, which was similar 

to CFA. However, Kim and Lee [23] reported that strength and pozzolanic performance varied when 

different particle sizes were used. They concluded that bottom ash that passes through sieve No. 40 

(425 µm) would be able to achieve similar strength as fly ash mortar. Meanwhile, Oruji et al. [53] 

revealed that when the median particle size of 4.5 µm was used as a cement replacement, it showed a 

higher strength value compared to conventional mortar, with replacement of up to 33.3% by weight of 

mortar binder at 28 days. Oruji et al. [53] summarised that the particle size and age of curing, in terms 

of strength and level of replacement, had affected the strength activity index performance (SAI) of 

mortar to lower than the SAI of fly ash mortar by approximately 7%.  

 

2.3 Strength properties of concrete containing CBA 

Several studies focused on concrete production that incorporates bottom ash and fly ash either as 

cement, sand or aggregate replacement. These investigations have verified that the incorporation of 

CBA to replace fine aggregates had shown comparable strength results with the control specimen [19, 

54-56]. It was reported that at 28 days of curing, a significant difference was observed in compressive 

strength between CFA and CBA specimens at 25% of partial cement replacement [56]. The 

researchers reported that the strength activity index at 28 days for both coal ash types had complied 

with the limit of not exceeding 0.75, according to EN 196 [57] and ASTM C311 [58].  Based on the 

overall data, Sigvardsen and Ottosen [56] concluded that the CBA had shown a more substantial 

positive contribution to compressive strength through its pozzolanic reactions compared to CFA based 

on SAI values. Figure 5 shows the strength development of coal ash at 14, 28, and 90 days of curing.  
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Figure 5. Compressive Strength of CBA and CFA at 25% replacement of cement [56] 

The combination of CFA and CBA has been investigated as sand and cement replacement in concrete 

[22]. The results showed similar trends in terms of the workability of concrete. In the early age of 

curing, which was less than 28 days, no significant difference was observed in the compressive, 

flexural, and tensile strengths of all concrete samples when compared to control. The compressive 

strengths of different combinations of CFA and CBA are as shown in Table 4. 

Table 4. Mixture proportion of concrete containing CBA and CFA [22] 

Mixture proportion CBA % CFA % 

FBC1 25 20 

FBC2 50 20 

FBC3 75 20 

FBC4 100 20 

 

After 91 days of curing, FBC1 has increased strength performance to 96.98%, FBC2 has increased to 

100.2%, FBC3 has increased to 99.18%, and FBC4 has increased to 98.17% compared to the control 

specimen. This trend was attributed to the pozzolanic activity by CBA and CFA in the specimens. This 

performance may also be influenced by the number and size of voids, which were not as monolithic 

and compact as in the control specimen, shown in Figure 6.  Based on Figure 6, the formation of an 

imprecise C-S-H gel and a higher percentage of voids had affected their compressive strength at the 

early age of curing. Other advanced applications of CBA are as coarse aggregate replacement in high 

strength concrete that has shown numerous advantages. The strength performance of concrete with 

100% bottom ash aggregate was comparable to the conventional concrete (equal amounts of water and 

binder materials were used) [59]. Furthermore, some studies revealed that the common issues of 

chloride attack and shrinkage in high strength concrete were reduced using the replacement with 

bottom ash aggregates [21, 37]. The results of these studies have indicated that the application of 

ground bottom ash as supplementary cementitious material (SCM) in concrete could reduce the 

adverse effects of chloride penetration. 
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Figure 6. SEM images of BA and FA at 28 days in concrete [22] 

Other advanced applications of CBA as cementitious composites had also shown positive 

contributions in terms of strength performance. Kurama et al. [60] studied the use of bottom ash in 

aerated cementitious composites to produce Aerated Autoclaved Concrete (AAC). Notable 

improvement when using CBA as a replacement for quartz sand was reported. The formation of 

tobermorite in the composite cement matrix was enhanced, owing to the high pozzolanic activity; 

hence, strength increment was achieved with lower density. Güllü [61] conducted a series of 

experimental works on the utilization of CBA as grouting material. Before use, CBA was grounded to 

smaller than 10 µm and was combined with Portland cement in different ratios. The author found that 

grouting that incorporated CBA showed higher values than normal grouting, in terms of resistance to 

freeze and thaw performance. 

3.0 Limitation of CBA as Construction Material 

The utilization of CBA as aggregates and/or admixtures in different types of cement-based 

applications has been widely explored. However, it has been limited as a medium of cementitious 

product. The results from a series of laboratory works presented the strength performance, and its 

properties covering partial amounts of CBA were almost comparable to those of conventional concrete 

[39]. Some features from the unique physical and chemical characteristics of power plant waste might 

hinder a more extensive field application of bottom ash concrete. The first consideration is reduced in 

workability due to the interlocking characteristics of CBA. The physical texture of rough bottom ash 

particles has led to interlocking between aggregates in fresh mixtures, which decreased the flowability 

of concrete. Park et al. [62] have reported that even though the compressive strength of concrete 

incorporating CBA as coarse aggregate replacement had increased to 5% and the rate of substitution 

had increased to 25%, the slump was significantly reduced. The second consideration would be the 

risk of toxic elements leaching out from concrete containing CBA. Gong et al. [63] studied the in-situ 

leaching behavior of trace elements in a pond behind a power plant in the west of China. Some toxic 

trace elements in the soil were reported as higher than those found in normal soils, especially Cd. In 

some areas of the downstream river of the pond, the pH value and concentrations of Cr, Cd, Pb, Zn, 

and Cu were reported as higher than those from the upstream river due to the leachate from the ash 

pond. From the experimental results reported, the total toxic elements had exceeded the local water 

quality standards for ground and surface water resources. The third aspect deals with issues related to 

the unburned carbon in CBA. The amount of unburned carbon tends to hinder air entrainment in fresh 
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concrete mixtures. It was reported that the content of unburned carbon in CBA could affect the 

compressive strength of concrete mixtures, which means that the compressive strength would increase 

with decreasing carbon content in the bottom ash [64]. Unburned carbon may also contain a certain 

amount of cenosphere floats on the surface of bleeding water, which might affect the aesthetics of 

concrete structures. Based on the above considerations, appropriate evaluation of the effect of pre-

treatment for CBA should be addressed to demonstrate the use of CBA in mortar specimens with 

different levels of cement replacement as an alternative pozzolanic material. Further study in this area 

would also add new knowledge related to the utilization of CBA. 

4.0 Conclusion  

The limited reserve of natural limestone for cement production and aggregate construction is a 

challenge in the construction world. Application of CBA as a recycled construction can be the solution 

to this problem. However, an additional pre-treatment stage for CBA samples is required before it can 

be used effectively in concrete. This paper provides a detailed study of the physical and chemical 

properties of CBA and its application. The study further addresses the effect on the use of CBA as an 

aggregate and the replacement of cement. A minimal volume of CBA will replace fine aggregates 

without compromising the strength of the concrete. CBA has proven to be one of the most promising 

material in the application sustainable technologies in the construction industry. The CBA application 

will allow the planet to become greener by reducing greenhouse gas pollution from heavy industry. 
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