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Coffee is one of the most consumed drinks, which releases large amounts 

of used coffee grounds (UCG), causing environmental problems. Thus, 

UCG was re-used in combination with bottom ash (BA) as fine aggregates 

in making alkali-activated non-load-bearing lightweight composites (ANLC) in 

this study. To evaluate the effect of UCG on the properties of ANLC, seven 

ANLC mixtures with UCG/BA ratios of 0/100, 5/95, 10/90, 15/85, 20/80, 

25/75, and 30/70 were prepared. Results showed that the properties of 

ANLC were influenced significantly by UCG contents. Indeed, an increase 

in UCG content led to a decrease in dry density, strength, and drying 

shrinkage while increasing the ANLC’s water absorption, except for the 

specimen with 5% UCG incorporation. Correlations among properties of 

ANLC were established and the potential applications of ANLC in real 

practice were also suggested, proving that the ANLC could be applied to 

non-load-bearing elements. Among the mixtures, the 28-day ANLC specimen 

containing 5% UCG exhibited the highest flexural and compressive strengths 

of 7.12 MPa and 39.4 MPa, respectively, and the lowest water absorption 

of 10.29% with the relatively low dry density of 1671 kg/m3, indicating the 

feasibility of using UCG as fine aggregate in the production and application 

of ANLC. 
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1. INTRODUCTION 

Coffee consumption has risen in recent decades, 

driven by a growing demand across various cultures 

and economic sectors. According to Torga and 

Spers (Torga & Spers, 2020), global coffee 

consumption reached approximately 7.5 million 

tonnes in 2016. In 2018, coffee production was over 

9.5 billion kg and the coffee demand was expected 

to triple in 2050 (Nab & Maslin, 2020). Particularly, 

Vietnam has the second-highest annual coffee 

production in the world, only behind Brazil (Ghosh 

& Venkatachalapathy, 2014). Due to high demand, 

coffee is one of the most consumed beverages, 

resulting in the generation of large quantities of used 

coffee grounds (UCG). Each kilogram of coffee 

beans used produces 1.88 kg of UCG. The primary 

sources of UCG are the soluble coffee industry and 

consumption in catering outlets and homes (Rivera 

et al., 2020). Thus, UCG is often sent to landfills, 

resulting in food loss and waste problems, which not 

only contribute to carbon emissions but also 

represent a loss of potentially valuable organic 

material (Saberian et al., 2021). Therefore, it is 

essential to develop strategies to minimize UCG for 

both economic and environmental reasons toward 

sustainable development goals. In recent years, 

UCG has been investigated for its usage in 

construction applications as a natural sand 

replacement in mortar production (Scalia et al., 
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2021), as raw material in ceramic clay brick 

(Moussa et al., 2022), floor tile (Busch & França 

Holanda, 2022), and concrete production 

(Roychand et al., 2023).  

Although prior studies have shown the potential use 

of UCG in construction applications, it is frequently 

used as a substitute for fine aggregate owing to its 

small particle size and low density. Furthermore, 

these characteristics make UCG well-suited for 

use in producing alkali-activated non-load-bearing 

lightweight composite (ANLC), which is formed 

through chemical reactions between aluminosilicate 

sources and alkaline activators, rather than using 

traditional Portland cement (John et al., 2021). With 

the rapid development of industrialization, an 

increasing number of projects are using ANLC to 

reduce weight and optimize construction costs for 

structural components. High-rise buildings are a 

notable example of this trend. In addition to reducing 

the weight of the structures, the use of ANLC also 

helps to cut down a significant amount of CO2 by 

limiting the use of cement. In recent years, alkali-

activated lightweight composites have been researched 

to enhance their technical properties and optimize 

production costs. For example, Darvish et al. (2020) 

reported that using palm oil clinker as a sand 

replacement in geopolymer mortar could reduce the 

drying shrinkage. Gencel et al. (2021) investigated 

the use of vermiculite as a sand replacement in 

geopolymer mortar. Their findings indicated that 

incorporating expanded vermiculite into the geopolymer 

mortar results in eco-friendly and lightweight building 

composites with enhanced sound and thermal insulation 

properties. Suksiripattanapong et al. (2020) used BA 

from Mae Moh electrical power plant in lightweight 

geopolymer mortar. They found that the density of 

lightweight geopolymer mortar was decreased with 

the replacement of BA. 

Although sand in geopolymer mortar is replaced by 

various materials, the use of UCG in the ANLC field 

is still a relatively new concept. Therefore, to fulfill 

this gap in the literature sources, the present study 

explored the feasibility of utilizing UCG in ANLC, 

offering a sustainable alternative to traditional 

construction materials. By examining the properties 

(i.e., density, flexural strength, compressive strength, 

drying shrinkage, and water absorption) and potential 

applications of ANLC incorporating UCG, the study 

aims to contribute to the development of eco-

friendly building practices and sufficient waste 

management solutions for sustainable development 

in the construction industry. 

2. MATERIALS AND METHODS  

2.1. Materials and mixture proportions 

2.1.1. Binders 

Fly ash (FA) and ground granulated blast-furnace 

slag (GGBFS) were used as the binder materials 

with the major chemical compositions, as shown in 

Table 1, and specific gravities of 2.27 and 2.85 g/cm³, 

respectively. Previous research indicates that the 

available SiO₂, Al₂O₃, and CaO in FA and GGBFS 

positively influence the polymerization process, 

enhancing the performance of alkali-activated materials 

through the formation of calcium-aluminate-silicate-

hydrate (C-A-S-H) and sodium-calcium-alumino-

silicate-hydrate (N(C)-A-S-H) phases (Zeyad et al., 

2020; Srividya et al., 2022). Besides, the alkaline 

activator prepared for ANLC was a combination of 

sodium hydroxide 5M (SH) and sodium silicate (SS) 

solutions. SH and SS had respective densities of 

1.19 and 1.38 g/cm3. 

Table 1. Chemical compositions of FA and 

GGBFS 

Composition (wt.%) FA GGBFS 

SiO2 50.3 33.9 

Al2O3 35.6 14.4 

Fe2O3 5.2 - 

CaO 1.2 40.8 

MgO 0.8 6.7 

SO3 0.2 1.2 

K2O 1.9 0.5 

Na2O 0.3 0.4 

Others 4.5 2.1 

2.1.2. Aggregates 

 

Figure 1. The natural appearance of UCG 

In this study, the aggregate used for making ANLC 

specimens was a combination of coal bottom ash 

(BA, fineness modulus (FM) of 2.42, water absorption 

of 8.2%, and density of 2.15 g/cm3) and UCG 
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(Figure 1, FM of 2.24, water absorption of 88.7%, 

and density of 1.25 g/cm3). It is important to note 

that both BA and UCG were used in saturated surface 

dry form, and the grain size distributions of these 

materials are displayed in Figure 2. 

 

Figure 2. Grain size distributions of aggregates 

2.1.3. Mixing water 

The local tap water in compliance with TCVN 4506: 

2012 (2012) was used for the mixing process. 

2.1.4. Mixture proportions 

All the ANLC mixtures (Table 2) were designed 

following the procedures described previously by 

the authors (Nguyen et al., 2022). In detail, FA and 

GGBFS were used as an alkali-activated binder at a 

fixed FA/GGBFS ratio of 30/70. The alkali equivalent 

(AE), alkali modulus (Ms), and a liquid-to-solid 

ratio of 5%, 0.8, and 0.42, respectively, were applied 

for all ANLC mixtures. The effect of UCG on the 

properties of ANLC specimens was investigated by 

partially replacing BA with UCG at different levels 

of 5%, 10%, 15%, 20%, 25%, and 30% (by volume), 

respectively. 

Table 2. Material proportions for 1 m3 ANLC 

Mixtures C00 C05 C10 C15 C20 C25 C30 

FA (kg) 186.8 186.8 186.8 186.8 186.8 186.8 186.8 

GGBFS (kg) 436.0 436.0 436.0 436.0 436.0 436.0 436.0 

NaOH (kg) 150.6 150.6 150.6 150.6 150.6 150.6 150.6 

Na2SiO3 (kg) 93.9 93.9 93.9 93.9 93.9 93.9 93.9 

Water (kg) 135.6 135.6 135.6 135.6 135.6 135.6 135.6 

BA (kg) 934.2 887.5 840.8 794.1 747.4 700.7 654.0 

UCG (kg) 0.0 27.2 54.3 81.5 108.6 135.8 163.0 

2.2. Sample preparation and test methods 

2.2.1. Sample preparation 

The sample preparation processes comprised four 

main stages: Initially, all materials were prepared 

based on the proportions detailed in Table 2. The 

activator solution was created by mixing SH and SS. 

In the second stage, FA and GGBFS were dry-

mixed for 2 min using a laboratory mixer, after 

which the activator solution was slowly poured into 

the mixer and the mixture was then continuously 

mixed for another 3 minutes to achieve a 

homogeneous binder. Subsequently, BA and UCG 

were added to the mixer, followed by mixing water 

to adjust the workability of the fresh mixture. In the 

final stage, the fresh mixture was poured into molds 

with different dimensions to prepare ANLC 

specimens. After 24 hours, the specimens were de-

molded and allowed to cure in the air until the 

testing days. 

2.2.2. Test methods 

After being cured, ANLC specimens were tested for 

density, flexural and compressive strength, drying 

shrinkage, and water absorption at 7 and 28 days. In 

detail, the dry density of ANLC was determined 

using 50×50×50 mm cubic samples based on TCVN 

3121-10:2022 (2022). Also, the flexural strength 

was measured using specimens with dimensions of 

40×40×160 mm, and the halves of the broken 

samples from the flexural strength test were then 

used for testing compressive strength following 

TCVN 3121-11:2022 (2022). Besides, the water 

absorption rate of ANLC was measured on the 

50×50×50 mm specimens following TCVN 3121-

18:2003 (2003), while drying shrinkage was recorded 

at 3, 7, 14, and 28 days using the 25×25×250 mm 

specimens according to TCVN 8824:2011 (2011). 

The relationships among the ANLC’s properties 

were further established to provide an objective 

view of the impact of the UCG on the performance 

of the ANLC. Finally, the potential applications of 

ANLC in real practice were also suggested based on 

the experimental results. 

3. RESULTS AND DISCUSSION  

3.1. Dry density 

Figure 3 illustrates the dry density of ANLC. The 
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data reveals that the lowest dry density of 1184 kg/m³ 

was recorded for the C30 sample, which contained 

the highest amount of UCG (30%). Conversely, the 

sample with 5% UCG exhibited the highest dry density 

of 1671 kg/m³. As a result, dry density decreases as 

the UCG content increases. Notably, the control 

sample (C00) had a dry density of 1665 kg/m³. The 

C05 sample had a slightly higher dry density of 6 

kg/m³, while the dry densities of samples C10, C15, 

C20, C25, and C30 were progressively lower by 

117, 231, 348, 448, and 481 kg/m³, respectively. 

This trend aligns with a previous study (Mohamed 

& Djamila, 2018). The much lower density of UCG 

in comparison with BA (as previously mentioned in 

Section 2.1.2) explains the reduction in dry density 

of ANLC as increasing UCG content in the mixtures. 

Moreover, the dry density of ANLC showed an 

increased trend during the curing ages, which was 

attributable to the pozzolanic reaction of GGBFS 

and FA in the system, forming secondary C-S-H gel, 

enhancing the microstructure, and consequently 

increasing the dry density of the ANLC specimens. 

 

Figure 3. Dry density of ANLC 

3.2. Flexural strength 

Flexural strength is a critical parameter for assessing 

the performance of ANLC, especially under bending 

stresses. Generally, the flexural strength of ANLC 

containing UCG was lower than that of the C00 at all 

curing ages, except for the C05 specimen (Figure 4). 

In detail, the C00 registered a flexural strength value 

of 5.34 MPa at 7 days, and 6.23 MPa at 28 days, 

while the flexural strength value of the C05 was 

nearly 14% higher than that of the C00. Replacing 

10-30% BA by UCG caused the loss in flexural 

strength of the ANLC specimens as compared to the 

UCG-free specimen. For example, the 28-day flexural 

strength values of the samples with 10, 15, 20, 25, 

and 30% UCG were 5.37, 3.25, 1.62, 0.57, and 0.41 

MPa, which showed a reduction of approximately 

14, 48, 74, 90, and 93%, respectively. Previous 

studies have reported that UCS had a more porous 

structure and higher water absorption capacity than 

BA particles (Guendouz et al., 2023; Kua et al., 

2016; Wongsa et al., 2017). Consequently, replacing 

BA with UCG would increase the total void volume 

in the system and thus decrease the flexural strength 

of the ANLC. Furthermore, the chemical composition 

of BA was similar to that of FA, containing high 

percentages of SiO2 and Al2O3 (Mohammed et al., 

2021; Siddique, 2013), which could also participate 

in a low-activity pozzolanic reaction of the matrix 

(Jaturapitakkul & Cheerarot, 2003). In contrast, the 

primary constituents of UCG were carbone, hydrogen, 

and azotes (Mohamed & Djamila, 2018), which did 

not contribute to strength development. Thus, the 

replacement of BA with UCG limits the chemical 

reaction, leading to lower ANLC’s flexural strength. 

 

Figure 4. Flexural strength of ANLC 

3.3. Compressive strength 

The compressive strength development of ANLC is 

illustrated in Figure 5, showing a similar trend to the 

flexural strength change, as mentioned in Section 

3.2. The C05 specimens always earned the highest 

compressive strength and the strength values of the 

ANLC specimens containing 10, 15, 20, 25, and 

30% UCG were about 17, 58, 74, 93, and 96% lower 

than that of the no UCG specimen at 28 days. As 

aforementioned, the involvement of FA, GGBFS, and 

BA in chemical reactions enhanced the compressive 

strength of the ANLC after 28 days. Besides, the 

strength reduction due to the inclusion of UCG 

could be attributed to the difference in porosity and 

chemical proportions between BA and UCG as in 

the above discussion.  

The relationship between compressive and flexural 

strengths was analyzed as shown in Figure 6, proving 
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that compressive strength was strongly associated 

with the flexural strength of the ANLC with R2 > 

98%. The linear formula of y = 5.61x – 1.31 could 

be used to estimate either compressive strength or 

flexural strength at 28 days when one of the two 

factors was known. 

 

Figure 5. Compressive strength of ANLC 

 

Figure 6. Correlation between compressive and 

flexural strengths of ANLC 

 

Figure 7. Correlation between dry density and 

strength of ANLC 

The relationship between compressive strength and 

dry density of the ANLC was also established, as 

shown in Figure 7. It can be reported that specimens 

with higher density exhibited greater strength. This 

finding aligns with the trend discussed in Sections 

3.1-3.3. The incorporation of the UCG significantly 

influenced the microstructure and density of the 

ANLC, which adversely affected their engineering 

performance. Besides, the positive correlation between 

density and strength focused on the importance of 

optimizing the mixture design to achieve the desired 

characteristics of ANLC for specific applications. 

3.4. Drying shrinkage 

Drying shrinkage is another crucial characteristic of 

ANLC, which determines the cracking generation and 

influences the durability of the component. The drying 

shrinkage of ANLC samples is illustrated in Figure 8. 

Notably, the length change of all UCG-incorporated 

specimens was significantly smaller than that of the 

control sample at all ages, indicating the positive 

contribution of UCG in reducing drying shrinkage. 

This finding could be explained by the following 

reasons: (1) the surface of UCG particles was jagged 

with irregular shapes (Kua et al., 2016; Wongsa et al., 

2017), improving the mechanical interlocking within 

the matrix, restricting the movement of the matrix 

during the drying process, and thus reducing drying 

shrinkage; (2) UCG particles had a highly porous 

structure (Guendouz et al., 2023), which absorbed and 

retained water within the system. This retained 

moisture helps to reduce the rate and extent of drying 

shrinkage by providing additional internal curing 

(Chung et al., 2021); (3) the sizes of UCG particles 

were smaller than BA particles, thus UCG may act as 

a filler in the system, effectively reducing the overall 

paste volume that undergoes shrinkage. 

 

Figure 8. Drying shrinkage of ANLC 
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3.5. Water absorption 

The water absorption of ANLC is shown in Figure 

9. Overall, most UCG specimens exhibited higher 

water absorption than the C00 sample, except for the 

C05 with the smallest water absorption rate of 11.65 

and 10.29% at 7 and 28 days, respectively. Further 

replacing BA with UCG at above 5% resulted in 

increasing water absorption of the ANLC and the 

higher the UCG content, the greater the water 

absorption rate. For instance, the C00 specimens 

showed a water absorption of 11.76% at 28 days, 

whereas the C05, C10, C15, C20, C25, and C30 

specimens registered respective water absorption 

levels of 15.35, 20.32, 25.95, 28.91, and 32.42%. 

Water absorption was directly related to porosity, 

which inversely affects mechanical strength. The 

increased porosity due to higher UCG content with 

porous structure led to higher water absorption and 

consequently reduced mechanical strength (Nguyen 

et al., 2022.). In the case of the C05 specimen, it is 

assumed that 5% UCG was optimal for the filling 

effect, resulting in a denser structure and preventing 

the penetration of water (Lee et al., 2023). At higher 

UCG contents, however, the filling effect was 

overshadowed by the predominant amount of voids, 

leading to higher water absorption capacity of the 

ANLC. Mohamed and Djamila (2018) reported that 

the porosity increased after adding more UCG 

content due to the poor adhesion between the UCG 

surface and binder. Chung et al. (2021) also proved 

that the highly porous structure of UCG particles led 

to higher water absorption of the resulting materials. 

  

Figure 9. Water absorption of ANLC 

This investigation found that the variation in water 

absorption with increasing UCG content was in good 

agreement with the results observed in Sections 3.1-

3.3. A close observation of the relationship between 

water absorption and the mechanical strength of the 

ANLC (Figure 10) shows that water absorption was 

inversely proportional to compressive and flexural 

strengths. As mentioned above, the increased porosity 

of the system due to the presence of more UCG led 

to higher water absorption, associated with lower 

compressive and flexural strengths. This is indicated 

by a relatively high correlation coefficient (R² > 

96%) between water absorption and strength.  

 

Figure 10. Correlation between water 

absorption and strength of ANLC 

3.6. Application potential of ANLC 

Based on the experimental results presented in the 

previous sections, ANLC exhibited relatively lower 

mechanical strength, which is suitable for application 

in the production of non-load-bearing elements (i.e., 

bricks and blocks, panels, slabs, etc.). In previous 

investigations, the UCG was used as raw material for 

making bricks, thermal insulators (i.e., panels and light 

steel frame walls), and non-load-bearing partition 

walls (Khetata et al., 2020; Moutassem & Alamara, 

2021). Besides, ANLC may also be used in sound-

absorbing applications, such as precast panels and 

cold-pressed panels, due to the increase in the sound-

absorbing potentiality (Saberian et al., 2021). 

4. CONCLUSION 

Based on the experimental outcomes and the 

associated discussions, the following conclusions 

may be considered: 

(i) The dry density of ANLC specimens ranged from 

1184 kg/m3 to 1671 kg/m3
 at 28 days. The dry 

density values tended to be lower when higher UCG 

content was added to the ANLC mixtures. 

(ii) Replacing 5% of BA with UCG resulted in the 

maximum flexural and compressive strengths of 

7.12 MPa and 39.4 MPa (at 28 days), respectively. 
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Further BA substitution caused a reduction in the 

ANLC’s strength.  

(iii) The inclusion of UCG positively reduced the 

drying shrinkage of the ANLC. It is a fact that all 

the ANLC specimens, regardless of the UCG 

content, exhibited a significantly lower drying 

shrinkage than the control specimen. 

(iv) The 28-day water absorption values of the ANLC 

specimens were in the range of 10.29-32.42%, 

which is about 3.5-20% higher than that of the 

control specimen. Increased UCG content correlates 

with increased water absorption in ANLC, except 

for the 5% UCG specimen, which exhibited the 

lowest absorption rate at 10.29%. 

(v) The ANLC prepared in this study can be applied 

for the production of non-load-bearing elements, 

such as bricks and blocks, wall and slab panels, non-

load-bearing partition walls, and sound-absorbing 

panels. The results of this investigation demonstrated 

the high and wide application potential of ANLC in 

real practice. 
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