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A B S T R A C T   

The production of concrete by incorporating a microorganism has emerged as a promising 
research area, offering potential benefits such as reduce carbon footprint, enhance durability and 
increased strength. The present study reported for the first time using a fungal strain (Aspergillus 
iizukae EAN605) in biocementation. The study aims to investigate the effectiveness of incorpo-
rating Aspergillus iizukae EAN 605 into foam concrete to improve its performance, particularly its 
strength. The study employs the response surface methodology (RSM) to explore the relationship 
between density, microorganism concentration and water /cement ratio (w/c) and their effects on 
compressive strength. Through a series of experiments,the highest recorded compressive strength 
was achieved with a density of 1800 kg/m3, w/c ratio of 0.5, and Aspergillus iizukae EAN605 
concentration of 0.5 g/l, resulting in a remarkable 37.5 % increase compared to foam concrete 
(FC). The variables of density, A. iizukae EAN 605 and their interaction density*fungi (D*F) 
significantly impacted compressive strength, with p-values of 0.000, 0.016, and 0.010, 
respectively.X-ray diffraction (XRD) analysis was employed to identify the crystalline composi-
tion of the precipitates formed on the fungal hyphae, providing insights into the mineralogical 
transformations occurring during the biocementation process. Additionally, scanning electron 
microscope (SEM) imaging was utilised to visualise the morphology and distribution of the calcite 
crystals, further supporting the evidence of fungal-mediated mineral precipitation in foam con-
crete. The findings of this study hold significant implications for the concrete industry, as the 
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incorporation of Aspergillus iizukae EAN605 in foam concrete offers a sustainable solution to 
enhance compressive strength and contribute to environmental friendly construction practices. 
This study provides valuable insights for future research and practical applications in the field of 
bio-foamed concrete (B-FC).   

1. Introduction 

Foamed concrete (FC) is a lightweight and porous material that has gained popularity in construction due to its excellent insulation, 
high porosity, low density, and sound absorption properties [1–6]. Other benefits such as self-compacting, excellent workability, ease 
of fabrication, durability and cost effectiveness have been highlighted in previous studies [7–9]. One significant parameter to address is 
the performance of FC in respect to its characterstic strength [10–14]. The strength is influenced by various factors, including the types 
of cementitious materials used, the amount of cement, the proportions of the mixture, the water-cement ratio, the volume of foam, the 
foaming agent, the curing method, and the presence of additives [15–18]. The use of foam in the concrete mixture creates a matrix of 
air bubbles, which reduces the density of the material and enhances its thermal insulation capabilities compared to traditional dense 
concrete [19–21]. It is important to regulate a balance between strength and density, aiming to maximize strength. According to 
Visagie and Kearsley [22], the compressive strength of foam concrete does not appear to be affected by the distribution of air voids at 
higher densities. This observation may be attributed to a more even distribution of air voids at higher densities. Relatively, Luping [23] 
noted that larger pores have a greater impact on concrete strength compared to smaller pores. It is also reported that when comparing 
materials with the same matrix and porosity, the strength tends to be lower in the presence of a higher concentration of larger-sized 
pores [24–28]. 

However, despite its many benefits, one of the main challenges in producing FC is achieving optimal mechanical properties [29]. 
The reason is that FC has more pores and is more susceptible to temperature changes, moisture, humidity, and issues like shrinkage, 
which can cause cracking, freezing, thawing, chemical damage, and other types of wear and tear which then leads to decrease 
compressive strength and stiffness [30–32]. According to [33], durability studies have shown that the cell-like structure and potential 
porosity of foam concrete (FC) do not make it less resistant to the penetration of aggressive ions compared to densely compacted 
normal weight concrete. This is attributed to the lower ratio of connected pores to total pores in FC, which plays a crucial role in 
determining durability. Several experimental models have been proposed to establish a relationship between porosity and strength of 
porous materials. Some models have specifically focused on relating strength to porosity in FC [8]. The study by Kumara and Bhat-
tacharjeeb [34], have examined the pore system and introduced a new model that takes into account various factors such as porosity, 
pore size distribution, cement content, aggregate type, exposure conditions, and age of the concrete. They discovered that the existing 
models that relate strength to pore size characteristics in cement-based materials were insufficient in providing a proper explanation. 
Furthermore, it has been observed that the distribution of air voids in FC is more uniform at a lower dosage of foam volume compared 
to a higher foam volume content. This uniformity holds true for FC mixes containing fly ash compared to concrete mixes composed 
only of sand [35]. Studies have also shown that the plastic density of FC increases proportionally with an increase in the 
water-to-cement ratio and a decrease in the foam concentration [36]. The mix proportion, density, and compressive strength of FC 

Table 1 
A summary of the mix proportion, density, and compressive strength of FC as reported by previous studies.  

Refs. Proportion of cement (kg/m3) or composition Density (kg/ 
m3) 

Ratios Compressive strength (28 
days) 

W/C S/C F/C FA/C 

[62] Cement–sand mix 400–1600 - - - - 0.5–10 
[63] Cement–fly ash replacement (193–577) 1000–1500 0.6–1.17 -  - 2–18 
[64] Neat cement (149–420) 

Cement–sand/fly ash (57–149) 
490–660 0.4–0.45 

0.5–0.57 
-  - 0.71–2.07 

0.23–1.1 
[33] 300 1000–1400 0.5 

1.11–1.56 
1.83–3.17 - 

1.22–2.11 
- 1–2 

3.9–7.3 
[33] 500 1400–1800 0.3 

0.65–0.83 
1.5–2.3 - 

1.15–1.77 
- 10–26 

20–43 
[65] Cement–sand–fly ash mix 

Cement–sand mix (fine) 
800–1350 
800–1350 
650–1200 

With filler–cement ratio varied from 1 to 3 and fly 
ash replacement for sand varied from 0 % to 100 % 

1–7 
2–11 
4–19 

[33] OPC and fine sand 650–1200 0–100 % 1–3 - 1–3 2.0–11 
[66] Silica fume and PP fibre 800–1500 0.30–0.60 1–1.61 - - 39.6–91.3 
[67] Cement-sand concrete sludge 1837 0.5 - - - > 25 
[68] High-strength FC reinforced with 

polypropylene fibre 
800–1500 Fi/C - - 0.2–0.76 10–50 

[69] Fly ash, lime, and PP fibre 1000 0.45–1.0 1.5–2.1 - - 1.6–4.6 
[6] OPC (500 kg/m3) and lightweight aggregate 1400–1800 0.5–0.6 - - - 13.8–48 
[70] Partial replacement (F/C) 1400–1800 0.63–0.83 1.5–2.3 - 1.15–1.78 20–43 
[69] Cementation material, fly ash (10–50 %) 1500–1800 0.3 0.5 - < 0.25 3.9–10.5 

Annotations: W/C: water/cement; Fi/C: filler/cement; FA/C: fly ash/cement; S/C: sand/cement; PP fibre: polypropylene fibre 

H.A.Y. Alshaeer et al.                                                                                                                                                                                                 



Case Studies in Construction Materials 19 (2023) e02400

3

summarised as reported by previous studies are presented in Table 1. 
Enhancing the FC performance through strengthening by fungi is a noteworthy accomplishment. It highlights the potential of 

utilising biological means to improve the properties of construction materials, particularly in terms of sustainability and durability 
[37]. FC usage in construction is well-known for its lightweight and insulation properties [33,38,39]. In this study, a new approach was 
proposed to enhance the strength of FC by incorporating a novel strain of fungus Aspergillus iizukae EAN605. The strain of fungus was 
mixed with cement, water, sand and foam to create bio-foamed concrete (B-FC). The reaction between the fungal strain and other 
components forms a dense, strong matrix that improves the material’s overall properties [40–43]. Microbial reinforcement of 
cement-based materials offers a sustainable and eco-friendly alternative to traditional reinforcement methods, as it reduces the use of 
harmful chemicals and contributes to the overall reduction of carbon emissions in the construction industry. This approach also 
provides concrete buildings with self-healing capabilities [44–46]. Despite the advancements in research on bacteria-mediated 
self-healing concrete, the field still faces significant limitations. 

Despite the advancements in research on bacteria-mediated self-healing concrete, the field still faces significant limitations.The  
Table 2 presents a compilation of various previous studies focused on the utilization of bacteria in concrete to enhance its compressive 

Table 2 
The effect of different kinds of bacteria, bacteria concentration, nutrients, and precipitation morphologyon mechanical properties as reported by 
previous studies.  

reference Type 
microorganisms 

Microorganisms’ 
concentration 

Nutrients Morphology formation of 
precipitation 

Improvement of compressive strength 

[71] Shewanella 
anaerobic 

105/ml cell 
concentration. 

N/A N/A The most significant enhancement in 
compressive strength, reaching 24 MPa, is 
observed at a cell concentration of 105 cells/ 
ml, resulting in a 25 % increase after 28 days. 

[72] Sporosarcina 
pasteurii 

103,105,107 cells/ml N/A N/A The greatest improvement in compressive 
strength, measuring 25 MPa, 28 MPa, and 
26 MPa, leads to an increase of 4.1 %, 20 %, 
and 8.7 % respectively after 28 days. 

[73] Pasteur’s 
Sporosarcina 

2 × 106 Extract from 
yeast and urea 

CaCO3 N/A 

[74] Pasteur’s 
Sporosarcina 

109 cells/ml Extract from 
peptone and beef 

CaCO3 The regain ratio of compressive strength 
exhibited a 130 % increase compared to the 
plain mortar 

[75] Soil bacteria N/A Urea, gypsum, 
and sugar 

Aragonite and Calcite A maximum increase of 23.49 % in 
compressive strength was observed after a 
28-day curing period. 

[76] * Sporosarcina 
pasteuri 
*Sporosarcina 
ureae 

106 cells/ml Extract from 
yeast, urea, and 
CaCO3 

*Crystals with a relatively 
denser rhombohedral 
shape. 
*Crystals with a relatively 
scattered rhombohedral 
shape. 

The Sporosarcina pasteurii þ zeolite 
combination yielded the best results, 
achieving compressive strengths of 100 MPa 
(for FF mortar) and 65 MPa (for normal 
mortar) – approximately 10 % higher than 
control specimens after 270 days. 

[77] *S. pasteurii 
*B. sphaericus 

N/A Urea, calcium 
acetate, and 
nutrient broth 

*Calcite crystals: 
Rhombohedral shape 
*Vaterite crystals: Spheroid 
shape 

N/A 

[78] B. sphaericus N/A *CaCI2 and urea 
*Calcium acetate 
and urea 

Calcite, vaterite, and 
aragonite 
Calcite, and vaterite 

N/A 

[79] S. pasteurii N/A Calcium chloride 
Calcium nitrate 
Calcium acetate 

*Hexahedral crystals 
*Rough-surfaced 
hexahedral crystals 
*Acicular crystals with a 
small number of spherical 
and lettuce-like crystals 

N/A 
- 

[80] B. megaterium 20 × 10^5 cfu•ml^− 1 
30 × 10^5 cfu•ml^− 1 
40 × 10^5 cfu•ml^− 1 

——— calcite A concentration of 30 × 10^5 cfu•ml^− 1 was 
determined to be ideal. The highest grade of 
bacterial concrete exhibited a 24 % 
improvement in strength, while the lowest 
grade showed a 12.8 % increase. 

[81] Sporosarcina 
pasteurii 

The concentration of the 
urea-CaCI2 solution used 
was 0.2 M. 

Solution of urea 
and calcium 
chloride (CaCI2) 

*Vaterite: Flower-shaped 
clusters with hexagonal 
CaCO3. 
*Calcite: Granular clusters 
of coarse hexagonal CaCO3 

at different scales. 

N/A 
- 

[82] B. sphaericus 106 cells•ml-1, 108 
cells•ml-1 

*water 
*luria bertania 
broth 

calcium carbonate Enhancement of specimens with wastewater 
surpassed that of water and LB.  
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strength. These studies collectively contribute to our understanding of the effectiveness of bacterial incorporation in concrete. 
However, the use of bacteria in self-healing concrete is limited because bacteria have low adaptability [47,48] and cannot survive in 
harsh environments like high pH, extreme temperatures, or dry conditions. The cost of producing bacterial spores under sterile 
conditions using expensive growth media also causes the application of bacteria-based self-healing concrete financially infeasible [49, 
50]. Alternatively, fungi have been explored to replace bacteria in enhancing calcium mineral precipitation in FC, resulting in 
increased compressive strength in concrete. Due to their mycelial structures and higher biomass, fungi have higher effectiveness for 
biocementation, making them good biological fibre to enhance the durability of concrete [51,52]. Fungi are also suitable for harsh 
environments as they can gather nutrients from the air and rainwater and thrive on surfaces such as rocks, cement, and mortar [53,54]. 
Some fungi, like Neurospora crassa and Candida ethanolica, have demonstrated high efficiency in forming biominerals through 
microbial-induced carbonate precipitation [51,55,56]. Thus, fungi can be used as a protective biocoating agent for porous materials by 
colonising and promoting the formation of biominerals on the surface. Fungi are a better option than bacteria when it comes to 
improving concrete properties because they can endure under low water activity levels (0.60–0.85) [57]. Some species, including 
Fusarium cerealis, Pleospora herbarum, Mucor hiemalis and Aspergillus nidulans, possess high urease activity and can withstand high 
alkaline environments [49]. Aspergillus nidulans can grow on concrete surfaces and enhance the formation of calcium carbonate, 
resulting in improved concrete properties such as increased resistance to cracking and enhanced durability over time [56,58]. When 
fungi species are introduced into concrete and mortar, a significant improvement in the compressive strength of the concrete is 
observed. In one study, the use of the fungal sample Trichoderma viride resulted in a strength of 31 MPa, representing a 37.7 % increase 
in compressive strength compared to concrete without the fungus after 28 days of curing [59,60]. Another experiment involving the 
fungal Aspergillus spp. showed a 15.6 % increase in compressive strength at 28 days [61]. Additionally, incorporating Eupenicillium 
crustaceum in ordinary concrete led to a 23 % enhancement in compressive strength after 28 days of curing, when compared to the 
controlled concrete [60]. This research examines the feasibility of adding a new strain of Aspergillus iizukae EAN605 to the FC mixture 
to enhance its performance and longevity without increasing weight. This fungi opens up the possibility of utilising it in other ap-
plications, such as repairing cracks in concrete structures through self-healing. The aims of this study is to improve the compressive 
strength of foam concrete by incorporating A. iizukae EAN605 into its production process.The study evaluates the impact of various 
concentrations of A. iizukae EAN605 on optimising compressive strength over 28 days using response surface methodology (RSM). The 
purpose of using RSM is to enhance the response of compressive strength by utilising an effective statistical method for optimising and 
modelling the influence of three factors: density, Aspergillus iizukae EAN605 concentrations, and water cement ratio w/c. This allows 
for the prediction of optimal performance with minimal experimentation and aids researchers in finding the optimal conditions. 

2. Materials and methods 

This study used FC and B-FC, which are lightweight concretes made using a foaming agent to create a mixture of air bubbles and 
cement. The same materials (cement, fine aggregate, water, and chemical foaming agent) were used for FC, but the incorporation of 
fungi in FC gave a new material named B-FC. The B-FC has similar properties as FC but is more sustainable, thus considered a green 
alternative. RSM was employed to optimise the compressive strength of B-FC using fungus. 

2.1. Materials 

In this study, cement and sand were used as solid materials to create FC and B-FC. Ordinary Portland Cement (OPC) produced by 
cement industries of Malaysia Berhad (CIMA), which meet the American Society for Testing and Materials (ASTM) Type I and MS 522 
standards, was used in the current work [83]. The composition and specifications of the OPC are defined in the British Standard BS 
197–1:2000 Table 3 [84]. The amount of cement used in the study was adjusted based on the density of the FC mixture used with and 
without fungi (Aspergillus iizukae EAN605). The natural sand used in this study was obtained from a river and analysed in the material 
laboratory at Universiti Tun Hussein Onn Malaysia (UTHM) using the particle size distribution method specified in IS 383:1970 [85, 
86], as shown in Fig. 2(a,b,c and d). The sand was sieved to retain only the particles that could pass through a 1 mm sieve, which was 
then used as fine sand in the production of FC and B-FC. To ensure it was free from microbial contamination, the sand was heated at 
100 ◦C for 24 h, as shown in Fig. 1, before being cooled to room temperature and added to the concrete mixture (Fig. 2). 

Water and synthetic foaming agents were utilised as the liquid materials to produce FC, and Aspergillus iizukae EAN605 was added 
to create B-FC. Water was used for mixing and curing in FC, and B-FC used clean water from the supplied network. The water was 
combined with a FC mix to make FC. The same water, adding A. iizukae EAN605, was used to produce B-FC. The mixture was stirred to 

Tablee 3 
Chemical composition of the OPC.  

Chemical Compound Proportion (%) 

SiO2  20.6 
Al2O3  5.4 
Fe2O3  4.2 
SO3  2.2 
K2O  0.6 
CaO  64.8 
MgO  2.2  
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Fig. 1. The grade distribution of river sand (Data adopted from [85,86]).  

 a) Sand before drying 

c) Oven-dry d) Dried sand  

b) Sieving of sand   

Fig. 2. Process of the preparation of dried sand.  

Fig. 3. Pure culture of Aspergillus iizukae EAN605 on V8 agar, Malt extract agar (MEA) and Czapek yeast extract agar (CYA).  
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ensure that the fungi were evenly distributed. In this study, Synthetic foaming agent was used to produce air bubbles in foamed 
concrete mixture with and without fungi.Various percentages of foam were incorporated into the mixes to achieve the desired den-
sities, and the results are presented in (kg/m3) per cubic meter of the dried weight. The foaming agent was mixed with water in a ratio 
of 1:20 and aerated to reach a density of 65 kg/m3, as per ASTM C796 standards [86,87]. 

2.2. Methods 

2.2.1. Preparation of A. iizukae EAN605 
The fungal strain was obtained from peat soil in Kampung Medan Sari (1◦28’24.5"N 103◦26’35.96"E) in Pontian, Johor, Malaysia, 

as described by Noman [88]. The fungal strain was described on Malt Extract Agar (MEA) Medium, V8 and Czapek yeast extract agar 
CYA medium (Fig. 3). Aspergillus iizukae EAN605 was prepared by culturing one litre of sterilised pumpkin medium broth (EVA 
medium) for 3 days at 28 ◦C, and 150 rpm at high production of fungal biomass was obtained. Fungal biomass was separated by 
centrifugation at 13,000 rpm for 10 min at 4 ◦C, washed twice with 10 ml of sterile sodium acetate buffer (pH=5) to remove any 
remaining medium before being re-suspended in the same buffer. The fungal concentrations in the suspension were estimated as 
colony-forming units using the direct plate technique on the PDA medium, according to Noman [89]. Aspergillus iizukae EAN605 was 
added to the concrete mixture with different concentrations ( 0.1, 0.3, 0.5, and 0.64 g/L) to optimise the compressive strength of B-FC 
using RSM methods. The incorporation of fungi in the concrete mixture was prompted by its isolation from soil, a fundamental 
constituent that forms an essential part of the concrete matrix. As a consequence, this particular strain of fungus showcases a 
remarkable capacity to adapt and flourish amidst the inhospitable conditions prevalent within concrete structures, including the 
formidable challenge posed by an alkaline pH level exceeding 12. Hence, this specific fungus exhibits an impressive aptitude for 
adjusting and thriving within the demanding environment of concrete, making it an ideal candidate for incorporation into concrete 
structures. 

2.2.2. Design of experiment using RSM 
In RSM, a central composite design (CCD) was employed [90]. It involves the use of mathematical and statistical methods to design 

experiments that can identify the relationships between independent variables (factors) and responses [91]. In other meaning, CCD can 
optimise the variables to achieve the best possible responses [92]. In this study, a CCD was utilised to investigate three variables at 
three different levels. Various low and high settings variables were analysed using Minitab software (version 18, Pennsylvania State 
University, State College, PA, USA). In the design, density was designated as A, Aspergillus iizukae EAN605 was designated as B, and the 
W/C ratio was designated as C. As CCD recommended, the variables were studied at three levels, with two additional levels for each. 
The aim was to relate the variables more precisely to the response by testing the values lower or higher than the variable levels deduced 
from the Analysis of Variance (ANOVA) data, as shown in Eq. (1). 

In Table 4, an overview of the factors utilized in the study is presented, including their levels of minimum, upper, and middle are 
presented. This table serves to illustrate the range within which each factor was varied during the experiments.The densities and water- 
to-cement (w/c) ratio values used in the study were obtained from previous research [93]. while the appropriate proportions of fungi, 
were determined through a series of trials and mixing experiments. On the other hand, Table 5 showcases the statistical method 
employed, Response Surface Methodology (RSM), and presents the number of mixtures generated as part of the experimental design. 
These tables offer valuable insights into the factors considered and the experimental setup undertaken for the study. 

ANOVA was carried out to examine any connections between factors and the impact of each factor. A suitable regression model was 
applied, as shown in Eq. (1) [90,91]. 

Y = B0 +
∑k

i
Bi Xi +

∑k

i
BiiX2ii +

∑k

ij
BijXiXj +E (1) 

In this equation, Y represents the response, XiXj refers to the variables, k signifies the number of parameters involved in the 
experiment, β stands for the regression coefficient, and e represents the random error.The metrics that may be used to validate the 
model’s precision and accuracy are the root means square, mean square error, relative per cent deviation, predicted R2, and adjusted 
R2. 

2.2.3. Design of foam concrete mix 
The balanced proportions of cement and sand per weight were determined to be 1:1.35, utilising the mix design approach according 

to ACI 523.3 R [85]. A total of 20 experiments were conducted based on the selected variables as suggested by the CCD using Minitab 

Table 4 
Variables and levels of variables utilised in response surface methodology (RSM).  

Variables Designated Variable levels of code 

Low:− 1 Intermediate: 0 High:+ 1 

Density (kg/m3) A  1300  1550  1800 
A. iizukae EAN605 (g/l) B  0.1  0.3  0.5 
W/C ratio C  0.5  0.55  0.6  
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18 software. Fourteen experiments were tested with 6 replicates of the average case with compressive strength after 28 days as the 
response. The replication was performed at the mid-level to increase the precision of the experiment. The experimental design is shown 
in Table 5. The interaction between the variables (A, B, and C) and the response (compressive strength) was analysed through analysis 
of variance (ANOVA). To assess the quality of the quadratic prediction models, the model terms, statistical significance of model terms, 
coefficient of determination (R2), probability (P-value) with 95 % confidence, and t-test at 5 % significance level (Prob < 0.05) were 
evaluated. 

2.2.4. Specimens’ preparation and curing 
The FC and B-FC samples were made in a 100 × 100 × 100 mm mould. The study followed the guidelines in BS 6073–2:2008, and 

six samples (3 FC and 3 B-FC) were used for each run. Preparing FC and B-FC samples involved several steps, as illustrated in Fig. 4. 

Table 5 
The experimental runs for the test pieces using RSM.  

Run No. Density (kg/m3) Cement (kg/m3) Fine sand (kg/m3) Water (L/m3 ) W/C ratio F (g/L) 

R1  1300  553.2  746.8  276.6  0.5  0.1 
R2  1800  766.0  1034  383  0.5  0.1 
R3  1300  553.2  746.8  276.6  0.5  0.5 
R4  1800  766.0  1034  383  0.5  0.5 
R5  1300  553.2  746.8  276.6  0.6  0.1 
R6  1800  766.0  1034  383  0.6  0.1 
R7  1300  553.2  746.8  276.6  0.6  0.5 
R8  1800  766.0  1034  383  0.6  0.5 
R9  1129.55  480.0  674.3  204.1  0.55  0.3 
R10  1970.4  838.49  1106  455.4  0.55  0.3 
R11  1550  659.5  890.4  329.7  0.55  0.3 
R12  1550  659.5  890.4  329.7  0.55  0.6 
R13  1550  659.5  890.4  329.7  0.46  0.3 
R14  1550  659.5  890.4  329.7  0.63  0.3 
R15  1550  659.5  890.4  329.7  0.55  0.3 
R16  1550  659.5  890.4  329.7  0.55  0.3 
R17  1550  659.5  890.4  329.7  0.55  0.3 
R18  1550  659.5  890.4  329.7  0.55  0.3 
R19  1550  659.5  890.4  329.7  0.55  0.3 
R20  1550  659.5  890.4  329.7  0.55  0.3  

Liquid materials   

Solid materials 

Foam  

Fungi medium 

Sand 

Cement 

Water  

Mix 

Casting of samples Density cheked 

Speciments curing  

Mix 

Bio-foam concrete 

Add foam 

Target (d) if 
not acheived 

Fig. 4. The curing process of bio-foamed concrete specimens.  
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First, a foaming agent was mixed with water in a specific ratio, usually around 1:20, and introduced to the foaming equipment. The 
foam will allow for a uniform paste when mixed with cement, sand, and water. The paste was then placed into moulds and compacted 
using an external vibrator. 

After 24 h, the specimens were removed from the moulds, and the curing process began. Curing is an important step in the 
preparation of FC and B-FC samples, as it allows the concrete to reach its maximum strength and durability. Curing is typically 
performed by keeping the cubes in a controlled environment, such as a laboratory storage area, at a specific temperature and humidity 
range. The temperature is usually between 25 and 32 ◦C, and the humidity is between 50 % and 74 % RH [18,94]. 

For B-FC, the addition of microbial additives, Aspergillus iizukae EAN605, before the curing process enhances the overall perfor-
mance and durability of the B-FC without increasing its density. The microbial additives were first mixed with water and thoroughly 
combined with the paste before compaction. The curing period for FC and B-FC samples was set at 28 days, as suggested by the RSM 
method (Table 5). This ensures that the specimens can reach maximum strength and durability before testing. 

2.2.5. Compressive strength testing 
The FC and B-FC compressive strengths were tested to determine their maximum resistance to axial loading. This testing was done 

by applying compression stress to a 100 × 100 × 100 mm cube-shaped specimen and measuring the highest stress it could withstand. 
A total of 120 specimens of both FC and B-FC were cast for 20 runs to determine the compressive strength at 28 days. Three samples of 
each FC and B-FC underwent the compressive strength test to get the average values. The compressive strength was determined by 
dividing the maximum load applied to the sample by its cross-sectional area, as outlined in BS 1881–116: 1983 [95]. This was done 
using a machine with a capacity of 1000 kN and a loading rate of 5.0 kN/s, as depicted in Fig. 5. The results of the 20 runs were 
analysed using a statistical method called RSM to study the effect of various factors on the strength of B-FC. This test was performed on 
all FC and B-FC, and the results were used to compare and analyse the effects of incorporating Aspergillus iizukae EAN605 on the 
compressive strength of the concrete. Finally, the optimisation of compressive strength for B-FC was analysed using the results from the 
20 runs. 

2.2.6. Microstructures 
X-ray diffraction (XRD) and scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS) are methods that 

can be used to test the compressive strength of FC and B-FC. XRD is a powerful analytical technique used to determine materials’ 
crystal structure, phase purity, and crystallite size. For XRD, the samples were crushed into a fine powder by drilling, sieved to the size 
of 300 µm and placed in plates. This process helps to ensure that the samples are homogeneous and that the XRD analysis will yield 
accurate results. 

The SEM is an imaging technique that uses a high-energy electron beam to create a detailed image of the surface of a material. The 
FC and B-FC SEM samples were small fragments taken from the compressive strength test residue and attached to the mould. The 
length of the SEM sample was around 2 cm to prevent damage to the specimen, and a very thin layer of carbon was applied to its 
surface. The samples were then coated using a JFC-1600 auto-fine coater at 20 kV to enhance the conductivity of the specimens and 
bring their charge closer to neutral. The samples were then scanned using XRD equipment, producing a diffraction pattern unique to 
each material. The diffraction pattern can then be analysed to determine the crystal structure, phase purity, and crystallite size of the 
samples. This information is useful in understanding the microstructure of materials and how they may have been affected by the 
presence of fungi. 

The XRD and SEM results were then used to compare the microstructure and composition of the FC and B-FC. The compressive 
strength of the samples was determined by the load applied to them until they broke and the cross-sectional area of the samples. The 
compressive strength results were correlated with the XRD and SEM results to understand the relationship among the samples’ 
microstructure, composition, and compressive strength. This can give an insight into how the addition of fungi affects the compressive 
strength of B-FC and how they compare to the regular FC. 

Fig. 5. The compressive strength machine.  
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3. Results and discussion 

3.1. Compressive strength 

The compressive strength test results for 20 runs of FC and B-FC using three independent variables, Aspergillus iizukae EAN605 
concentration, density, and w/c ratio, were analysed and discussed as shown in Fig. 6. The test was conducted on FC and B-FC, and the 
results were analysed to determine the effect of adding Aspergillus iizukae EAN605 on the compressive strength of B-FC. The findings 
indicated that the addition of Aspergillus iizukae EAN605 to the FC mixture resulted in a significant improvement in the compressive 
strength of the B-FC. Overall, the results indicated that the compressive strength of B-FC was higher than FC in all runs, suggesting that 
the addition of Aspergillus iizukae EAN605 can enhance the properties of B-FC by improving the formation of calcium carbonate. 

The finding revealed that runs 2, 4, 6, 8, and 10 demonstrated the highest compressive strength among the 20 runs. Additionally, 
the compressive strength of B-FC samples was improved by 6.34 %, 37.31 %, 6.61 %, 97 %, and 4.96 %, respectively, compared to that 
of FC. This was observed at densities of 1800 and 1970 kg/m3, with fungi levels of 0.1, 0.5, and 0.33 l/g and w/c ratios of 0.5, 0.06, and 
0.55. Overall, the results indicate that a high level of Aspergillus iizukae EAN605 and a decrease in the w/c ratio significantly impact the 
compressive strength, particularly at high densities. The density of runs 2, 4, 6, and 8 samples is the same at 1800 kg/m3, but their 
strengths differ. This suggests that strength can be influenced by more than just density and that the three factors are related to 
increasing or decreasing strength. For instance, runs 4 and 6 samples have the same density of 1800 kg/m3, different strengths of 
27.5 MPa for run 4 and 13.6 MPa for run 6. The difference in strength can be attributed to the varying ratios and levels of Aspergillus 
iizukae EAN6 in the runs: run 4 has 0.5 of a w/c ratio and 0.5 of Aspergillus iizukae EAN605 level, while run 6 has a ratio of 0.6 and a 
fungi level of 0.1. Additionally, although the compressive strength for run 10 is lower than run 4, run 10 has the highest density 
(1970 kg/m3). This difference was because run 4 had a higher proportion of Aspergillus iizukae EAN605 (0.5) and a lower w/c ratio 
(0.5) compared to run 10 (w/c ratio of 0.6 and a lower amount of fungi of 0.1). This result demonstrates that the strength depends on 
all factors, not just the density. Furthermore, the runs with densities of 1129 kg/m3, 1300 kg/m3, and 1550 kg/m3 produced similar 
results for B-FC and FC compressive strength. The higher compressive strength of B-FC is likely from the deposition of fungal bio-
minerals in the pores of the cement matrix, effectively blocking the openings within the B-FC. In a case study conducted in Nazareth, 
Israel, fungal biomineral formation was observed during the creation of calcretes, indicating that fungi can stimulate the formation of 
biominerals. The formations were identified as calcified filaments [96]. The data were further analysed using XRD and SEM to identify 
the microstructures of the samples. 

3.2. Mathematical modelling and statistical analysis of RSM 

The RSM analysis was carried out to optimise the compressive strength of B-FC. This analysis aimed to gain better insight into the 
effect and correlation between the three selected variables. ANOVA was also used to identify the key variables contributing to the 
compressive strength and examine the interaction between the input parameters. This was important to obtain more precise results 
from the data analysis, providing a better understanding of the impact of the selected variables on the compressive strength of the B-FC. 
The effectiveness of the ANOVA process was studied using the following five major steps: 1) calculating the sum of squares (SS), 2), 
determining the degrees of freedom (DOF), 3) calculating the mean squares (MS), 4) cetermining the test ratio (F0), and 5) concluding 
the results. 

The ANOVA analysis highlights the significant factors in response, which are presented in a Pareto chart. Furthermore, single 
factors’ performance and interactions were studied to determine their relationship and reflect their effect on the response. The residual 
plot demonstrated the results’ normal distribution. Next, the empirical model equation and optimisation plot were suggested by the 
ANOVA results. The outcomes of the optimisation procedure for each answer are discussed in depth in the following section. 

3.2.1. Analysis of ANOVA for compressive strength for B-FCC 
The Analysis of Variance (ANOVA) was conducted to evaluate the compressive strength of bio-foamed concrete cubes B-FC. The 

purpose of the ANOVA was to determine the most significant factors affecting the compressive strength and to analyse the interactions 
between the input variables. The results from the ANOVA helped rank the main effects and determine the most important variables 
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that impacted the compressive strength. This information was crucial in optimising the compressive strength and improving the 
performance of the B-FC. 

The ANOVA results for the response surface models are presented in Table 7. These results include information such as the sum of 
squares, degrees of freedom, mean, F value, and p-value, calculated at a significance level of 0.05. If the p-value exceeds 0.05, the 
model is considered insignificant. The results from the Table indicate that the model for compressive strength was statistically sig-
nificant, as evidenced by the high F value (24.80) and low p-value (<0.05). The variables of density (D) and Aspergillus iizukae EAN605 
(F), as well as their interaction (D*F), all had a significant impact on compressive strength, with p-values of 0.000, 0.016, and 0.010, 
respectively. Additionally, the results revealed that the square effect of the density (D2) also significantly impacted the compressive 
strength. However, in the case of the water-to-cement ratio w/c, although it does have an impact on the strength, the influence is 
minimal. This is attributed to the narrow range of w/c 0.5–0.6 used, which is close to each other, resulting in a lack of distinct or 
noticeable effects. Consequently, this observation could serve as a valuable guideline for future research endeavours in this particular 
field. Further investigations could explore the impact of different water-to-cement ratios on strength properties in order to gain a more 
comprehensive understanding of their relationship. The improvement in compressive strength was because these factors play a crucial 
role in determining the strength of B-FC. The density of the material affects its weight and overall strength, while the presence of fungi 
plays a crucial part in the biomineralisation of calcium carbonate in microbes and is involved in both the biological induction of 
biomineralisation and organomineralisation processes as described by [55]. Furthermore, fungi boast a significant amount of biomass, 
and some species grow filaments that can be used as microfibers in materials, resulting in improved strength and reduced porosity 
[52]. The accuracy of the model was assessed using the coefficient of determination (R2) and standard deviation (SD) values. The 
absence of a fit test confirmed that the models were significant. A favourable comparison was found between the predicted R2 and 
adjusted R2 for compressive strength, and the difference between them was less than 20 %, indicating that the model’s response was 
highly accurate [97], as shown in Table 6. In addition, the R2 value for the compressive strength response was 94.75 %, resulting in a 
model being considered a good fit if its R2 value was at least 80 %. An R2 value close to 100 indicates a strong agreement between the 
predicted and experimental results [98]. 

3.2.2. The Pareto chart for standardised compressive strength impacts 
The compressive strength results obtained from the Design of Experiments (DOE) are showcased in Table 7, highlighting the 

determination of variable levels through the proposed model analysis. The statistical significance of the model was confirmed by the 
calculated p-value being lower than the standard threshold (p < 0.05). The statistical significance of the model was confirmed by 
comparing the calculated p-value with the standard value (p < 0.05). This finding aligns with previous literature [99] that established 
the significance of the model.The Pareto chart demonstrated the standardised impact of compressive strength by analysing three 
variables: density, Aspergillus iizukae EAN605 concentration and w/c ratio. The chart provided valuable insights into the most 
influential factors that affect the compressive strength of B-FC, and it can be used as a guide for further research and improvement. 
Notably, the bars in the chart intersect with the reference line at 2.20, indicating the model’s noteworthy and statistically significant 
outcomes. The evaluation of the variables that influence the compressive strength of composite samples was carried out using a 
factorial model.The results of the variance analysis indicate that the two main variables, density (A) and Aspergillus iizukae EAN605 (B), 
as well as their interaction, have direct effects effect on compressive strength (p-value 0.05) (Fig. 7). However, the w/c only showed 
minor effects due to the limited range of water-to-cement (w/c) ratios, specifically within the narrow range of 0.5–0.6. The close 
proximity of these ratios to each other led to a lack of clear or noticeable effects. It was also found that the compressive strength 
improved with increasing density, reaching up to 1800 kg/m3. However, based on previous studies, it was decided to keep the density 
of the foam concrete below 1800 kg/m3, as densities above this value are used for traditional concrete [100]. Table 8 presents the 
values of R2, adj. R2, and pred. R2 for the compressive strength analysis. The R2 value of 0.9475 indicated a favorable outcome, as it 
demonstrated a strong explanation of the relationship between the independent variables and the response. Moreover, the pred. R2 
value of 0.9442 showed a reasonable agreement with the adj. R2 value of 0.9093 [101]. 

3.2.3. Residual plot for compressive strength of B-FC 
The residual plot analysis is an important step in understanding the performance of the statistical model. Fig. 8 in this research 

displays the residual plots for the compressive strength of B-FC using three variables, including density, fungi, and w/c ratio. The 
residual plots provide information about the goodness of fit of the model. In the normal probability plot, the residuals are plotted 
against a theoretical normal distribution, and if the residuals are normally distributed, the plot should be a straight line. In this study, 
the normal probability plot for the residuals was found to be a straight line, indicating that the residuals were normally distributed, as 

Table 6 
Results of the full design of RSM for compressive strength.  

Runs  1  2  3  4  
5 

6 7 8 9 10 

CS  3.8  15.64  4.05  27.5  
4.43 

14.59 4.72 22.0 1.27 25.43 

Note: CS= response of compressive strength (MPa) 
Runs  11  12  13  14 15 16 17 18 19 20 
CS  6.7  6.79  6.58  7.08 7.19 8.06 8.38 8.27 8.08 8.5 
Note: CS= response of compressive strength (MPa)  
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confirmed by the symmetry of the residual histogram. The residual versus fit plot and the residual versus plots show that the residuals 
are independently distributed, as they are randomly scattered on either side of 0, without any clear pattern. The plots also indicate that 
the model fits the data well. When a statistical model is used to describe a set of data, the residuals are the differences between the 
observed data points and the values predicted by the model. The residuals should be randomly scattered on either side of 0 if the model 
fits the data well because this means that the model is not systematically overestimating or underestimating the data. 

Both residual versus fit and residual versus order plots are useful for checking the statistical model’s assumptions and diagnosing 
problems with the model fit. The straightness of the normal probability plot and the random distribution of residuals suggests that the 
statistical model used to analyse the compressive strength of B-FC is appropriate, and the results are trustworthy. However, if the 
residuals are not randomly scattered on either side of 0, it suggests an issue with the model and further investigation is needed. 

3.2.4. Interaction plot for compressive strength of bio-foamed concrete B- FC 
The results of the interaction plot for the compressive strength of bio-foamed concrete B-FC are shown in Fig. 9. This plot provides 

insight into the relationship between the three primary factors of density (kg/m3), A. iizukae EAN605 (g/L), and w/c ratio and their 
impact on the compressive strength of B-FC. It can be observed from the plot that the interaction between the three factors has a 
significant impact on the compressive strength of B-FC. According to the graph, the compressive strength of B-FC increases with 
increasing density and A. iizukae EAN605 while decreasing with increasing w/c ratio. This observation highlights the importance of 

Table 7 
ANOVA results of compressive strength response surface quadratic model.  

Source Degrees of freedom (DF) Sum of squares (Adj SS) Mean square (Adj MS) F-Value P-Value 

Model  8  957.25  119.657 24.80  0.000 
Linear  3  803.10  267.699 55.48  0.000 
D  1  762.12  762.122 157.95  0.000 
F  1  38.99  38.992 8.08  0.016 
W/C  1  1.98  1.982 0.41  0.535 
Square  2  97.01  48.503 10.05  0.003 
D*D  1  95.74  95.740 19.84  0.001 
F*F  1  0.04  0.040 0.01  0.929 
2-Way Interaction  3  57.15  19.050 3.95  0.039 
D*F  1  46.95  46.948 9.73  0.010 
D* W/C  1  9.03  9.031 1.87  0.199 
F* W/C  1  1.17  1.170 0.24  0.632 
Error  11  53.08  4.825    
Lack-of-Fit  6  51.85  8.642 35.3  0.001 
Pure Error  5  1.22  0.245  
Total  19  1010.33     

Fig. 7. Pareto chart of compressive strength.  

Table 8 
Model summary statistics.  

Response Stander deviation R2 (%) Adjusted R2 (%) Predicted R2 (%) Difference between adjusted R2 and predicted R2 (%) p- 
value 

CS,28 day  2.19663  94.75 %  90.93 %  94.42 %  3.67  0.000  
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Fig. 8. The compressive strength of B-FC, as shown by the residual plot.  

Density (kg/m3) * Fungi  (g/L) 
 

Density (kg/m3) * W/C ratio Fungi ( g/L) *( W/C ratio) 

Fungi (g/L) 

W/C ratio 

Fungi (g/L) Densiy  (kg/m3)   

Fig. 9. Interaction plot for compressive strength of bio-foamed concrete B- FC.  

Table 9 
The ranking for coefficient values of significant factors in the compressive strength of bio- 
foamed concrete B-FC.  

Factor Effects Ranking 

Density  7.474  1 
Fungi  1.682  4 
w/c ratio  − 0.389  6 
Density*Density  2.570  2 
Fungi*Fungi  − 0.052  8 
Density *Fungi  2.423  3 
Density * w/c ratio  − 1.062  5 
Fungi *w/c ratio  − 0.382    
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balancing these three factors to achieve optimal compressive strength performance in B-FC. The results of the interaction plot revealed 
that the highest interaction was between density and A. iizukae EAN605, with an effect value of 2.423, as shown in Table 9. The 
strength of concrete was assessed based on the P-values presented in Table 7, determining the influence of each factor. A lower P-value 
indicates a stronger impact on the strength of the concrete, highlighting the significance of that particular factor.This highlights a 
strong correlation between the density and A. iizukae EAN605 parameters, leading to the accumulation of CaCO3 and high compressive 
strength for the B-FC. On the other hand, the lower interactions were between A. iizukae EAN605 and the w/c ratio, with effect values 
of 0.382. The A. iizukae EAN605 *w/c ratio interaction can be interpreted as follows: the interaction between A. iizukae EAN605 *w/c 
may not be as directly relevant to compressive strength, as fungi primarily affect the durability and long-term performance of concrete, 
rather than its strength. 

On the other hand, bio-foamed concrete has a higher porosity and lower density than normal concrete, making it more susceptible 
to water uptake and biogenic degradation by fungi, leading to an increase in the w/c ratio and a reduction in the compressive strength 
of the concrete. The ANOVA results also confirmed that all variables and interactions significantly impacted the compressive strength 
of B-FC, except for the interaction between A. iizukae EAN605 and w/c ratio, which appeared to have a limited effect. 

3.2.5. Response surface and contour plots for compressive strength of bio-foamed concrete B- FC 
. Fig. 10 illustrates the response surface and contour plots for the compressive strength of B-FC and represent the relationship 

between the various of density, fungi, and w/c ratio and their impacts on compressive strengt. The purpose of the two plots, a contour 
plot and a 3D response surface plot, is to analyse and understand how changes in the variables affect the compressive strength of the B- 
FC. The contour plot provides a 2D representation of the relationship between the variables, while the 3D response surface plot 
provides a visual representation that includes the third variable as contour lines. These plots demonstrate the interaction between 
density and fungi (Figs. 10a and 10b) and the relationship between the w/c ratio and fung (Figs. 10c and 11d) in relation to the 
enhancement of compressive strength at 28 days. The 3D response surface plot was plotted using the predictive equations obtained 
from regression analysis, where the variables were plotted on the X and Y axes and the response on the Z-axis [102,103]. 

The results in Fig. 10(a) and 10(b), start from 0 MPa and range from 10 to 30 MPa and above. In Fig. 11c and 11(d), the results 
begin at 6 MPa and are described using steps ranging from 1.5 to 12 MPa and more. The contour graphs plotted by the colour-ranging 
layers show the compressive strength range in the different regions of density, fungi, and w/c ratio. At each point on the graph, the 
values of density, fungi, and w/c ratio are constantly changing. Using the compressive strength table displayed in Fig. 12b and 12(d), it 
is easy to determine the compressive strength [104]. The relationship between the density, fungi, and w/c ratio and their effect on the 

Fig. 10. Response surface and contour plots for compressive strength of B-FC.  
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compressive strength can be seen through the contour plot and 3D response surface plot in Fig. 10. 
Fig. 10a and b depict the relationship between density and fungi and their effect on the compressive strength of B-FC. The results 

showed that the compressive strength increased with an increase in density and fungi content, with a maximum strength of over 
30 MPa achieved at a density above 1900 kg/m3 and a fungi content of 0.4–0.6 g/L. In contrast, the minimum value of 10 MPa of 
compressive strength was recorded at a fungi range of 0–0.5 g/L and a density range of 1200–1800 kg/m3. Therefore, it can be 

Fig. 11. Response optimisation plots for compressive strength of B-FC.  

Fig. 12. SEM pictures showing the surfaces of FC (control); calcium oxalate generated by A. iizukae EAN 605 at 28 days.  
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concluded that fungi and density play a crucial role in determining the compressive strength of bio-foamed concrete B-FC if they are 
balanced to ensure the optimal compressive strength of the material. Meanwhile, Figs. 10c and 10(d) show that a w/c ratio of 
0.48–0.56 and fungi content of 0.6 g/L resulted in the highest compressive strength of more than 12 MPa. However, the lowest 
compressive strength value was seen at a fungi range of 0–0.1 g/L and a w/c ratio of 0.48–0.68. Overall, the optimum values for each 
variable that result in the highest compressive strength have been highlighted. Additionally, a lower w/c ratio results in a denser 
material and increased strength due to less water in the mixture. These findings suggest that the presence of fungi inside the bio- 
foamed concrete will improve its strength as it stimulates the precipitation of calcium carbonate in the presence of a nutrient me-
dium [105]. This formation of calcium carbonate will plug the pores between the soil particles, making the soil more firmly bound. 

3.2.6. Optimisation plots for compressive strength of B-FC 
The optimisation of the compressive strength of bio-foamed concrete B-FC after 28 days was generated using three key variables: 

fungi, density, and w/c ratio, as shown in Fig. 11. The graph showed the relationships between these variables and the resulting 
compressive strength of the B-FC. The ’y’ and ’d’ values plotted in Fig. 11 denote the maximum strength and desirability value of the 
process variables, which range from 0 to 1, with "1" indicating the desired combination or ideal and "0" indicating that it is not desirable 
[97]. The values of each factor that resulted in the greatest possible compressive strength were represented by the solid red lines in the 
graph. In the meantime, the projected compressive strength is represented by the blue lines with dots. The findings from the study, as 
depicted in the figure, indicate that the optimal values of density, A. iizukae EAN605 and w/c ratio for maximum compressive strength 
of 41.99 are 1970 kg/m3, 0.64 g/L, and 0.47, respectively. This suggests that a rise in density, A. Iizukae EAN605, and a reduction in 
the w/c ratio during the curing process result in a higher compressive strength of B-FC. The predictions made in this study regarding 
the values of density, A. iizukae EAN 605, and w/c ratio were in line with the conclusions of previous research. An earlier investigation 
found that higher levels of density and foam (F) increased compressive strength [106],[105], while an increase in the w/c ratio led to a 
decrease in compressive strength [107]. After optimising the compressive strength of B-FC using RSM analysis, a predictive model was 
established to describe the results. The final equation for regression, presented in uncoded units of compressive strength, is given by 
Equation (2).  

Compressive strength (MPa)=5⋅9–0⋅0654 density (kg/m3) - 44⋅9 fungi (g/L) + 135⋅5 (w/c ratio) + 0⋅000041 density (kg/m3)*density (kg/m3) - 1⋅3 
fungi (g/L)*fungi (g/L) + 0⋅0485 density (kg/m3)*fungi (g/L) - 0⋅0850 density (kg/m3)*(w/c ratio) - 38⋅2 fungi (g/L)*(w/c ratio)                       

3.2.7. Validation test 
The validation of the compressive test was an essential step to ensure the accuracy and reliability of the results obtained. Based on 

the RSM,the experiment utilised optimal values for density (1970), fungi content (0.64), and water-to-cement (w/c) ratio (0.047). 
Based on the confirmation, Prior to the validation process, the initial measurement of the compressive strength yielded a value of 
41.5 MPa. However, after undergoing validation, the revised compressive strength value was determined to be 39.5 MPa. This vali-
dation procedure played a crucial role in verifying the consistency and integrity of the experimental data. The calculated errors be-
tween the experimental and optimum results were in the range of + − 2 %. 

3.3. Microstructure analysis 

Microstructure analysis tests play a crucial role in characterising the internal structure of FC and B-FC. SEM and XRD were utilised 
to analyse the microstructure to examine the healing of pores in the specimens and compare the precipitation of CaCO3 in B-FC and FC. 

3.3.1. Scanning electron microscopes (SEM) 
The SEM images have shown the surface views of FC and B-FC and variations in the surface morphology of B-FC after the presence 

of A. iizukae EAN605. SEM images revealed that the fungal activity resulted in the creation of calcified filaments and biominerals. 
These newly formed biominerals filled the pores of B-FC, ultimately reducing its porosity and water absorption due to the biomineral’s 
ability to function as a filler material. The evidence suggests that the hyphae of the fungal species acted as nucleation sites during the 
mineral precipitation process. These calcified mineral filaments were absent in the FC, as shown in Fig. 12. A previous study [108] also 
found that fungi can stimulate bio-cement production between grains, which bridges the meniscus and is made up of biomineralised 
fungal hyphae. The accumulation of ca-oxalates around the fungal spores resulted from the growth of prismatic bipyramidal single 
crystals, providing further evidence that the crystals form inside a fungal sheath. During the interaction, ca-oxalates formed mostly 
through encrustation on fungal hyphae. Previous research has linked ca-oxalates to hyphae in various contexts. For example, Kolo 
[109] suggested that ca-oxalate precipitation on the surfaces of fungal hyphae could serve as a defence mechanism against dehydration 
and grazing. The crystals strongly adhere to the fungus’s hyphae, enabling them to withstand even the mechanical force used in the 
extraction process. 

However, the samples of FC shown in Fig. 12, which were not subjected to fungal treatment, appear to have hollow pores. This 
absence of treatment leads to decreased compressive strength and increased porosity [44]. Furthermore, the FC samples show trace 
CaCO3 formation due to the natural carbonation reaction between CO2 (C-S–H) and Ca(OH)2. The concrete became less solid and more 
porous. The findings provided evidence that fungi have the potential to enhance concrete strength rather than weaken it. The evidence 
supporting this lies in the higher strength results compared to the FC. This suggests that the improved compressive strength of B-FC was 
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due to the fungal biomineral formation that formed on the pores’ surfaces, which effectively closed the pores within the concrete. As a 
result, the permeability of harmful gases like carbon dioxide and water is significantly reduced. 

3.3.2. X-ray diffraction (XRD) 
The XRD analysis of FCC and B-FC was conducted after 28 days with different densities of 1129, 1300, 1550, 1800, and 1970 kg/ 

m3, as demonstrated in Fig. 13. The results from XRD analysis of FC and B-FC show the extra peaks of quartz (SiO2), calcite (CaCO3), 
calcium hydroxide (CaOH)2, and calcium silicate (Ca3SiO5). 

Overall, as can be seen from the graphs, the intensity has increased with an increase in density in both FC and B-FC. As a conse-
quence of the reaction of the foaming agent at low densities, numerous large air bubbles are produced compared to high densities. 
These air bubbles push aside the essential components of cement and calcium, which are required for the synthesis of CaCO3. On the 
other hand, the results show that the peak intensity in B-FC is significantly lower than in FC, which could indicate less CaCO3 in bio- 
foamed concrete. Because fungi produce more biomass and some species produce filaments that can act as microfibers in materials, 
they have proven more effective for biocementation. This could be attributed to fungi that interact with the compounds inside the B-FC 
physically, leading to the closure of the pores and preventing the entry of carbon dioxide, which interacts with the calcium materials in 
the concrete. This reduces the formation of calcium carbonate and thus leads to a decrease in the peak intensity of the B-FC. The FC 
specimens were highly crystalline phases of quartz compared to B-FC samples, as reported by Luo [47]. From this finding, the 
carbonation process of calcium hydroxide (CaOH)2 occurred in the FC specimens only, based on the following reaction: 

CO2 +Ca(OH)2 ⇒ CaCO3 +H2O 

The carbonation results from the dissolution of CO2 in the concrete pore fluid and its reaction with Ca(OH)2. Figs. 13(j) and 13(h) 
demonstrate that the greatest intensity of the FC samples was observed at a density of 1800 kg/m3, with a value of 14000, while for B- 
FC samples at a similar density, the highest intensity was 11,000, which was higher than the intensity of the samples at other densities. 
However, at a density of approximately 1129 kg/m3, both FC and B-FC specimens had lower intensities, with values of approximately 
1800 and 1400, respectively. Furthermore, certain peaks were only observed in B-FC samples and were not present in FC samples. For 
instance, the peaks of calcium silicate hydrate were only visible in B-FC samples and not in FC samples. An XRD investigation 
confirmed the formation of new silicate phases in B-FC samples, related to an improvement in the concrete’s strength. 

Fig. 13. XRD examination showing a comparison between FC and B-FC at 28-day.  
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4. Conclusion 

This work was mainly focused to improve the compressive strength of bio-foamed concrete (B-FC) by incorporating Aspergillus 
iizukae EAN605 as a new type of fungus. Integrating this fungus has proved to be effective in increasing the compressive strength of B- 
FC, making it a more reliable and durable building material. The use of Aspergillus iizukae EAN605 as a biological agent in foam 
concrete (FC) can provide improved strength and other benefits, such as enhanced durability and resistance to environmental factors 
and reduced carbon footprint. However, the main conclusions were highlighted in points as follows;.  

a. The compressive strength gain of B-FC were between 4.3 % and 97.66 % compared to FC at the curing age of 28 days. The results 
showed that increasing the compressive strength of B-FC has several possible explanations. 

Fig. 13. (continued). 
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b. One theory is that the fungus generates enzymes that break down the components of the foam concrete, leading to the formation of 
stronger bonds among the particles. Another possibility is that the fungus generates extracellular polymeric substances (EPS) that 
act as a binder, enhancing the cohesion of the material and improving its strength.  

c. It is also feasible that the fungi triggered the formation of CaCO3, leading to sand biocementation. In other words, the fungi may 
have caused the precipitation of CaCO3 and facilitated the binding of sand particles through biological processes. The most likely 
reason for the enhancement in the B-FC’s compressive strength is likely a result of the fungal biomineral being deposited inside the 
pores of the cement matrix. This biomineral fills the gaps in the concrete and prevents further pore formation.  

d. The results from the RSM showed that density (D), A. iizukae EAN605 F, and the (w/c ratio) significantly impact achieving the 
optimal compressive strength of B-FC. The highest compressive strength of B-FC was achieved at a density of 1800 kg/m3, A.iizukae 
EAN605 of 0.5 g/L, and a w/c ratio of 0.5 which led to a maximum compressive strength of 27.5 MPa.  

e. It is from RSM suggested that under certain conditions, such as a density of 1970 kg/m3, A. iizukae EAN605 of 0.64 g/L, and a w/c 
ratio of 0.47, optimisation would result in improved strength of B-FC and reach a maximum compressive strength of 41.99 MPa. 
The statistical analysis of the models produced a desirable R2 value of 94.75 %.  

f. Notably, the application of fungi in construction materials is a novel field, and further exploration is required to grasp the 
mechanisms that lead to increased compressive strength. Despite this, the early outcomes are positive, and the implementation of 
Aspergillus iizukae EAN605 in FC holds the promise of delivering substantial benefits to the construction industry. 

Based on the main findings of this study, further investigations are needed to 1) evaluate the durability and long-term performance 
of FC incorporating fungi; 2) it is also important to keep in mind that the results of this study only apply to the specific type of fungus 
Aspergillus iizukae EAN605 and the specific type of used FC; 3) to replicate the study using different types of fungi and FC to generalise 
the results; 4) further studies to fully understand the mechanism behind this improvement and to optimise the use of Aspergillus iizukae 
EAN605 in FC. 
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