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ABSTRACT: Coal bottom ash (CBA) is a byproduct of coal-burning power plants. This material can be used 

as a fine aggregate replacement in concrete to reduce global natural material depletion. Concrete usage is 

increasing rapidly; subsequently, the industry’s carbon footprint is increasing. Using CBA in the construction 

industry will reduce the technical and economic problems associated with power plants by reducing solid 

waste. This project aimed to determine if adding new sustainable materials, such as CBA, to concrete will 

reduce natural raw material usage, energy consumption, and greenhouse gas emissions while improving 

performance. This study included two projects: comparing increased CBA content to the two-control project 

and determining the optimum content based on the compressive strength. The optimum CBA content is 50%, 

which reduces fine aggregate usage in a concrete mix by 50% while maintaining equivalent or better concrete 

strength than a pure Portland concrete mix without CBA. The air content of the concrete mix containing % CBA 

decreased with increased CBA content and compressive strength, possibly due to the spacing factor of the 

voids in the mix and CBA’s porous and fineness behavior. The CBA optimum content had a unit weight lower 

than the controls for both projects, which makes the CBA mix a lightweight concrete. Using this material can 

significantly reduce natural material usage and environmental harm by reducing CBA waste disposal and 

improving concrete performance. 

Keywords: Optimum content; CBA; compressive strength; air content; slump; unit weight 

 

1. INTRODUCTION  

Concrete use has increased in the last decade, causing an increase in fine aggregate and cement 

usage and impacting the environment. Reusable waste materials, such as coal bottom ash (CBA), can 

reduce the environmental impact and CO2 emissions caused by using considerable amounts of 

cement and fine aggregates [1]. 

Natural aggregate usage has increased in many countries; therefore, finding a replacement for 

aggregate materials is essential. Researchers have recently focused on industrial residues or solid 

waste for concrete application [2].  

Coal-bottom ash is the primary waste from thermal power plants [3]. India produces 30 million 

tons of CBA per year (4), the USA and Europe produce 14 million and 4 million tons of CBA, 

respectively [3], and Malaysia produces 8.5 million tons [5]. CBA disposal in ponds threatens the 

environment and human health since the harmful constituents contaminate groundwater; therefore, 

using CBA as a replacement in concrete mixes reduces its effect on the environment and human 

health [6]. Using bottom ash as an aggregate replacement can aid the economy [7]. 

The world economy is growing, along with the construction industries, leading to high 

construction and virgin material consumption. Concrete is the construction industry’s primary 

production, and it needs raw materials to supply the continuous need for cement and aggregates; 

therefore, replacing natural materials with CBA will aid in maintaining the growing world economy 

(7, 8). 
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CBA can be used as a fine aggregate in concrete production due to its high shear strength and 

low compressibility, making it an ideal material for infrastructure design and construction [9]. Design 

engineers use bottom ash to improve materials due to its high permeability and grain size 

distribution, making it an economical and robust engineering material [10]. Bottom ash helps reduce 

natural resource consumption and maintain the future construction industry’s economy. 

The primary CBA constituents are silica, alumina, and iron, including a small amount of calcium 

and magnesium sulfate. CBA’s particle size and appearance resemble river sand, making it preferable 

for use as a fine aggregate (11-16). Recent studies indicate that CBA has angular, irregular, porous, 

and rough surface texture, and its particle size distribution ranges from fine gravel to fine sand 

(Figure 1). CBA is brittle and lighter than natural sand, and its specific gravity varies from 1.39 to 

2.33 [2]. 

Determining a concrete mix’s fresh properties includes measuring slump, air content, and unit 

weight. Substituting natural aggregates with 100% CBA decreases the slump value by up to 100 mm 

due to its complex shape and rougher surface [3]. Friction is greater on a rough surface such as CBA, 

delaying the flow characteristics of its fresh properties [14]. CBA’s slump value decreases with 

increasing CBA substitution, from 10% up to 40%; however, replacing 100% of the aggregates with 

CBA significantly reduces the mix’s slump value compared to the control mix. A replacement of 10%-

40% allows for better workability [12]. 

A CBA concrete mix’s unit weight decreases when CBA replaces fine aggregate because of the 

ash’s lower unit weight and porous structure. The other reason for the decrease in CBA concrete mix 

density is the higher water demand, which creates several large pores; therefore, the unit weight 

decreases when the CBA replacement percentage increases [17]. 

Maliki et al. [12] substituted fine aggregates with CBA, from 0% as the control to as much as 

100% using regular increments of 10%. The results revealed that the optimum CBA content was 60%, 

with 7—and 28-day curing periods. 

This study’s primary goal was to test the hypothesis that there is an optimal CBA fine aggregate 

replacement content, which can be determined by comparing it to pure Portland cement-based 

concrete, used as a control based on compressive strength.  

 

Figure 1. CBA (left) and fine aggregate (right). 

2. METHODOLOGY  

Experimental Plan  

The experimental plan includes preparing and testing ordinary Portland cement-based concrete, 

then using it as the control to compare to CBA-based concrete. The optimum amount of CBA 

replacement was determined by comparing the compressive strength of the different combinations 

to the control. Fine aggregates were replaced with CBA, using 10% increments to reach the optimum 

threshold. Figure 2 illustrates the experimental steps used to conduct the research. 
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Figure 2. Experimental plan. 

Material Source and Properties   

The effect of CBA from the Coal Creek Station power plant was studied using two projects 

(Strata and Aggregate Industries). The suppliers determined the aggregate properties. The research 

team also determined the ingredient properties based on AASHTO and ASTM standards before the 

experiments began. They were compared to the supplier’s ingredient properties for fine and coarse 

aggregates. Table 1 shows the CBA and aggregate properties used for concrete mix design. The 

CBA’s fineness modulus value was lower than the fine aggregate; however, the CBA’s absorption 

capacity was higher than the fine aggregate.  

The CBA was sieved using the number 4 sieve size (4.75mm) to avoid its larger size in the mix. 

Figure 3 shows CBA’s particle size distribution compared to fine aggregate. 

Table 1. Comparing CBA and Fine Aggregate Properties. 

Specific gravity (AASHTO T 

84)  
 CBA Properties  

Fine aggregate properties 

(Strata)   

Fine aggregate properties 

(Aggregate Industries) 

Bulk    2.230  2.668 2.655 

Saturated surface dry   2.261  2.678  2.671 

Absorption %  2.31  0.36  0.558 

Fineness modulus  2.14 2.86  2.5 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 May 2024                   doi:10.20944/preprints202405.0140.v1

https://doi.org/10.20944/preprints202405.0140.v1


 4 

 

 

Figure 3. CBA and Fine aggregate particle size distribution. 

Mix Design and Proportions 

The mix design for this project was obtained from Strata and Aggregate Industries. The control 

mix proportion is listed in Table 2. The proportion was modified based on various mix types. The 

designed mix had a compressive strength of 4,000 psi and a water-to-cement ratio (W/C) of 

0.45. Based on the mix design, the expected slump values ranged from 3” to 4”. All aggregate and 

CBA used in the experiment were oven-dried or had the least moisture content based on the mix 

design provided by Strata and Aggregate Industries. A moisture correction method was used in the 

mix design to consider the amount of water loss of the aggregate, including the equivalent volume 

method for the CBA weight-obtaining method.   

The mix design’s air-entrained value was 6% or 7.4 ml (about 0.25 oz)/ft3; however, after many 

trial batches, the content of the air-entrained value was extremely high, up to 12 %. The project team 

consequently decided to reduce the amount of air entrained to 3.25 ml (about 0.11 oz)/ft3 to obtain a 

desirable air-entrained value of 5%-7%. This discrepancy made it challenging to maintain an air 

content and slump value. The same procedure was followed for the Aggregate Industries control 

mix.  

Table 2. Strata Control and % CBA Concrete Mixes. 

  Control 10% CBA 20% CBA 
30% 

CBA 
40% CBA 50% CBA 60% CBA 70%CBA 80%CBA 

Material   
Weight 

lbs /CY 

Weight lbs 

/CY 

Weight lbs 

/CY 

Weight 

lbs /CY 

Weight 

lbs /CY 

Weight 

lbs /CY 

Weight 

lbs /CY 

Weight 

lbs /CY 

Weight 

lbs /CY 

Cement  564 564 564 564 564 564 564 564 564 

Coarse aggregate # 1  1,640 1,640 1,640 1,640 1,640 1,640 1,640 1,640 1,640 

Coarse aggregate # 2  125 125 125 125 125 125 125 125 125 

Fine aggregate  1,380 1,242 1,104 966 828 690 552 414 276 

CBA  - 114 228 342 456 570 684 798 912 

Water  254 254 254 254 254 254 254 254 254 

Air content(ml/ft3)   3.25  3.25  3.25 3.25 3.25 3.25 3.25 3.25 3.25 

Expected Air content 

(%)  
5-7 5-7 5-7 5-7 5-7 5-7 5-7 5-7 5-7 

W/C 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 
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The other control mix was from Aggregate Industries. The mix design and ingredient contents 

are listed in Table 3. The Strata project was used to determine the optimum CBA content; therefore, 

it was not necessary to start mixing from 10% CBA. The test began with 50% CBA replacement and 

proceeded with 60%, 70%, and 80% CBA replacement to determine the optimum amount. 

Table 3. Aggregate Industries Control and % CBA Concrete Mix . 

  Control 50%CBA 60% CBA 70% CBA 80% CBA  

Materials  
Weight lbs. 

/CY 

Weight lbs. 

/CY 
Weight lbs. /CY Weight lbs. /CY Weight lbs. /CY 

Cement  564 564 564 564 564 

Coarse aggregate  1767 1767 1767 1767 1767 

Fine aggregate  1338 669 535.2 401 267.6 

CBA  0 555 666 777 888 

Water  254 254 254 254 254 

Air content(ml/ft^)  3.5 2 2 2 2 

Water reducer (ml/ft^3) 18.53 27 40 50 50 

Expected Air content (%)  5-7 5-7 5-7 5-7 5-7 

W/C 0.45 0.45 0.45 0.45 0.45 

3. RESULTS AND DISCUSSIONS  

Strata/ Project 1 

Fresh Properties: CBA is porous and has a high absorption capacity. The workability of the fine 

aggregate mix with CBA replacement decreased as the CBA content increased. For example, the 

slump value of the concrete mix decreased with an increased CBA content, from 10% to 50%.  A 

slump value of 0.75” for the 30% CBA concrete mix significantly decreased the mix’s workability, and 

a further increase in CBA content yielded a 0-inch slump value; therefore, the research team decided 

to use a water reducer to increase the mix’s workability as the CBA content increased. About 20 ml 

(~ 0.68 oz)/ft3, 35 ml (~ 1.18 oz)/ft3, and 60 ml (~ 2.03 oz)/ ft3 of the water reducer was used to obtain 

0.7-inch, 2.5-inch, and 2-inch slump values for the 40%, 50%, and 60% CBA replacement values, 

respectively (Figure 4); however, a further increase of up to 70% with 75ml (~ 2.54 oz)/ft3 and 80% 

with 90ml/ ft3 led to a zero-slump value, which is unacceptable. The research team recommends using 

more water reducers to obtain the desired workability and air content.  

  

Figure 4. Strata Control and %CBA concrete Slump Vs Air content. 
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The slump value decreased with increased %CBA until it reached the optimum content of 

50%CBA, possibly due to CBA’s high-water demand, and the compressive strength increased with 

increased CBA and decreased slump value until the Optimum content of 50% CBA (Figure 4).  The 

air content decreased with increased CBA content compared to the control and increased 

compressive strength until the optimum content of 50% CBA; further increased air content led to a 

decrease in compressive strength after 50%CBA (Figure 4). 

The SAM (Super Air Meter) number for the % CBA mix compared to the control was higher, 

possibly due to CBA’s porous behavior as the amount was increased. The air content of the % CBA 

concrete mix decreased with an increase in CBA content up to 40% CBA, then increased, which may 

have been caused by the spacing factor of the voids in the mix and CBA’s porous behavior (Table 4). 

Table 4. Fresh Properties of % CBA and Strata Control. 

Fresh properties  
Strata 

Control 

10 % 

CBA 

20 % 

CBA 

30% 

CBA 

40% 

CBA 

50% 

CBA 
60%CBA 

70% 

CBA 

80% 

CBA 

SAM Number (psi) 0.21 0.37 0.48 0.42 0.5 0.39 0.42 0.63 N/A 

Measured Slump 

(inch)  
3.75 2 1 0.75 0.75 2.5 2 0 0 

Measured Air 

Content (%)  
7.4 5.6 5.5 5.4 5.9 7.9 9.6 9.9 11.9 

Measured Unit 

Weight (lbs./ft3)  
140.8 144.9 

144.9 

 
144.9 144.5 140.9 137.8 134.2 131.7 

Water Reducer 

(ml/ft3) 
N/A N/A N/A N/A 20 35 60 75 90 

 Note: N/A-not applicable. 

The unit weight of the Strata control mix and 50% CBA replacement were comparable; however, 

the rest of the CBA-containing concrete had a higher unit weight than the control, up to 40%, possibly 

due to CBA’s fineness properties. Increasing the % CBA decreased the unit weight of the concrete, 

possibly due to CBA’s higher water demand, which leads to pore formation and larger pore sizes. 

The optimum content, 50% CBA, had a lower unit weight than the control, which is lightweight 

concrete compared to concrete without CBA (Figure 5). 

Compressive Strength of %CBA and Strata Control   

The compressive strength of the Strata control mix was 3,600 and 4,374 psi after 7 and 28 days 

of curing, respectively, and the values for the 10% CBA replacement after seven days of curing were 

similar to the control’s strength after 28 days of curing. The compressive strength decreased when 

the CBA replacement was increased from 10% to 30%; however, it still had higher compressive 

strength than the control after seven days of curing. The research team decided to use a water reducer 

after 30% CBA replacement to achieve the desired workability, which led to an increase in 

compressive strength with 40%, 50%, and 60% CBA replacement, reaching an optimum content of 

60% at seven days of curing. The compressive strength of the control vs. the CBA concrete at seven 

days reveals that increased CBA replacement increases the concrete strength when the replacement 

is up to 40% and starts to decline after 50% replacement (Figure 5). The compressive strength 

increased from 30% to 40% and 50%, possibly due to adding a water reducer to increase workability. 

The research team created another mix of 30% CBA concrete with a water reducer to determine the 

effect on the compressive strength. The results indicated that a mix containing 30% replacement with 

an added water reducer had a compressive strength of 4,521 psi compared to 30% CBA without a 

water reducer, at 4,119 psi. These results must be researched further to conclude if CBA with a water 

reducer yields a higher compressive strength. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 May 2024                   doi:10.20944/preprints202405.0140.v1

https://doi.org/10.20944/preprints202405.0140.v1


 7 

 

 

Figure 5. Strata Control and %CBA concrete unit weight vs compressive strength. 

Comparisons of the control’s compressive strength to the CBA concrete after 28 days revealed 

that increasing the CBA percentage in the mix yielded an increase in concrete strength up to 40%. The 

values began to decline after 50% (Figure 5). The 40% CBA mix yielded a 26 % increase in compressive 

strength, and the 50% CBA mix yielded a 10.7% increase after 28 days of curing. The CBA concrete’s 

compressive strength was higher than the Strata control’s at 7 and 28 days of curing, indicating that 

this replacement technique yielded acceptable results and the mix exhibited better performance. 

The compressive strength of the CBA mix continued to increase after 28 days of curing, with 

replacement amounts of up to 40% CBA. The 30% CBA mix’s performance surpassed the control 

concrete by 949 psi after 56 days, or an increase of 21.2%, indicating that the CBA concrete mix’s 

strength does not decrease with time. An increase of 30.9% was observed in the 40% CBA mix after 

56 days of curing. The mix with the optimum CBA content, 50%, had compressive strength values of 

4,216, 4,842, and 4,560 psi after 7, 28, and 56 days of curing, higher performance than the Strata 

control. Therefore, the results indicate that CBA increases the concrete’s compressive strength after 

7, 28, and 56 days of curing until 50% CBA optimum content (Figure 5). 

Aggregate Industries /project 2 

Fresh properties: The workability of the CBA mixes decreased as the % CBA increased, similar 

to the observations for the Strata mix, possibly due to CBA’s higher water demand. The SAM number 

increased with an increased % CBA, which may have been caused by the spacing factor of the voids 

in the mix and CBA’s porous behavior. The unit weight of the 50% CBA was comparable to the 

control, which was the same as the Strata project as the unit weight decreased with increases in %CBA 

(Table 5), possibly due to CBA’s higher water demand, which leads to pore formation and larger 

pore sizes. The two projects had similar fresh and compressive strength properties, which confirms 

the results.  

Table 5. Fresh Properties of % CBA and Aggregate Industries Control. 

 Aggregate Industries 

Control 

% CBA Aggregate Industries 
 50% 60% 70% 80% 

Slump (Inches) 4 0.5 1.25 0.8 1 

Air Content (%) 8.8 4.4 7.9 8.3 11.9 

SAM (psi) 0.07 0.77 0.44 0.15 N/A 
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Unit weight (lbs. /ft3) 142.1 141.9 140.96 140 134.96 

Water reducer (ml/ft3) 18.6 20 40 60 70 

Note: N/A-SAM did not provide any reading. 

Air content and slump value decreased with an increase in CBA from Control to 50% CBA and 

an increase from 50% CBA to 60% CBA, and 60% CBA is the optimum content. This result confirms 

the strata’s findings (Figure 6). The slump value has increased from 0.5 inches to 1.25 inches as CBA 

increased from 50% to 60%, and the compressive strength decreased from 6132 psi to 4898 psi, 

respectively (Figure 6). The two projects showed similar trend results: when the slump value 

increases, the compressive strength decreases and vice versa [18]. 

 

Figure 6. Aggregate Industries Control and % CBA compressive strength vs Slump and air content. 

Compressive Strength of the % CBA and Aggregate Industries control  

Compressive strength increased with decreased slump and increased CBA content up to 50% 

CBA, then decreased with increased air content and slump value, leading to the optimum content of 

60% CBA after 28 days of curing, possibly due to CBA’s fineness and porous property (Figure 6). 

The compressive strength of the Aggregate Industries mixes with % CBA replacement compared 

to the control is illustrated in Figure 7, and the optimum CBA content was 60% at 28 days of curing. 

The 50% CBA has 25.8% higher compressive strength than the control after 28 days of curing, and the 

optimum content of 60% has 8.3% higher compressive strength than the control concrete without 

CBA (Figure 7). Therefore, CBA enhances the compressive strength of concrete, as the two projects 

confirm the same results. 

The results for the mix with 70% and 80% replacement after seven days of curing were not 

comparable to the control; therefore, we only considered the 50% and 60% mixes at 28 days of curing 

[18] (Figure 7). 
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Figure 7. Aggregate Industries Control and % CBA concrete Unite weight Vs Compressive Strength 

after 28 days curing. 

4. CONCLUSIONS  

The following conclusions can be made based on this study:  

CBA can sustainably replace fine aggregates, reduce material depletion, and decrease carbon 

dioxide emissions. For the Strata control, the optimum amount of CBA in a concrete mix was 50% at 

7 days, 28 days, and 56 days of curing, and the CBA concrete's compressive strength was higher than 

the control's at 56 days, which is a very promising result in terms of sustainability and durability.  

The compressive strength of % CBA increased with decreased slump value for both Strata and 

Aggregate Industries projects, and workability decreased with increased CBA content.  

The CBA concrete's air content remained lower than that of the control mix until it reached the 

optimum content; at this point, it became comparable to or higher than the control. The air content of 

the % CBA concrete mix decreased with an increase in CBA content and SAM number, which may 

have been caused by the spacing factor of the voids in the mix and CBA’s porous behavior.  

CBA’s unit weight decreased with an increase in CBA replacement. It became comparable to the 

control when close to the optimum value, possibly due to CBA’s higher water demand, which leads 

to pore formation, larger pore sizes, and lightweight concrete.  

The critical issue with replacing fine aggregate with CBA is workability, which can be resolved 

using a high-range water reducer to increase the mix’s workability. The water reducer had an earlier 

age-strength effect on the concrete. The mix containing 30% CBA with a 25 ml/ft3 water reducer and 

without water reduction resulted in an increase in compressive strength from 4,119 psi to 4,521 psi in 

seven days due to the water reducer; however, further research is needed in this domain. 

5. RECOMMENDATIONS  

Based on this study, the following recommendations can be made: 

Further study is needed to see how water reducer affects the compressive strength and air 

content of CBA concrete. 

Assess the mechanical and durability properties of CBA concrete from various sources and 

compare it to the same control.  

6. FUTURE WORK  
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Determine the effect of optimum CBA on concrete mechanical properties, including tensile 

strength, flexural strength, and modulus of elasticity.  

Determine the effect of optimum CBA on concrete durability properties, including freeze-thaw 

and rapid chloride penetration tests.  
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