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The objective of this scholarly endeavor is to engineer an innovative, eco-friendly construction 
material, specifically straw fiber steel slag foam concrete (SFSSFC), with the dual purpose of 
optimizing resource utilization and mitigating energy expenditure within the construction sector. 
Through meticulous manipulation of the constituent ratios of steel slag powder, straw fiber, and foam, 
a series of 15 SFSSFC specimens were fabricated. Subsequent to their preparation, a comprehensive 
evaluation was conducted to ascertain their fluidity, water absorption, mechanical strength, thermal 
conductivity, and resistance to freeze-thaw cycling. The findings revealed that an increment in foam 
content correlates with enhanced fluidity and water absorption characteristics of the concrete matrix. 
Furthermore, it was determined that a 15% steel slag powder content yielded the most favorable 
mechanical strength outcomes. Notably, specimens incorporating 3% straw fiber displayed the lowest 
thermal conductivity among the evaluated samples. In assessing durability, the F10, F15, S15, and C3.0 
specimens demonstrated exceptional resilience, enduring 50 cycles of freeze-thaw exposure without 
incurring damage. Comparative analysis with extant literature suggests that the SFSSFC developed in 
this study exhibits superior thermal and mechanical properties.
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The construction sector is a pivotal yet energy-intensive industry, contributing over 30% to global energy 
consumption1. This figure underscores the urgency for sustainable practices, especially considering the high 
energy and carbon emissions associated with traditional cement production, which conflict with the carbon 
neutrality goals of many developing nations2. In this context, the quest for energy-efficient building materials has 
become a research imperative. Among emerging alternatives, foamed concrete stands out for its superior thermal 
and acoustic insulation properties, economic feasibility, and reduced environmental impact3. Its sustainability is 
further enhanced by the substitution of cement and sand with waste materials, addressing carbon dioxide (CO2) 
emissions, natural resource depletion, and waste management in the construction sector4.

Steel slag, a by-product of steel manufacturing, accounts for approximately 15% of crude steel output5. In 2020, 
China’s steel slag production was projected to reach 160 million tons, yet less than 30% was effectively utilized6,7. 
Untreated steel slag not only consumes valuable land resources but also poses a significant environmental 
risk through heavy metal ion contamination, leading to ecological damage8,9. Studies have shown that the 
incorporation of steel slag into foamed concrete can increase water absorption and alter bending strength in a 
non-monotonic manner10. The potential economic and environmental benefits of using steel slag as a substitute 
for cement or fine aggregate have been highlighted11. Research has also focused on determining the optimal 
replacement ratio of steel slag for cement in foamed concrete to maintain compressive strength12. Additionally, 
the impact of steel slag powder on the compressive performance of foamed concrete has been explored, revealing 
its ability to promote the formation of calcium silicate hydrate (C-S-H) gel, densify the microstructure, reduce 
pore size, and enhance compressive strength13.

Natural fibers, once a staple in construction, have experienced a resurgence due to the industry’s demand for 
low-energy consumption materials14. Despite the rise of industrialization, urbanization, and commercialization, 
natural fibers such as corn, rice, bamboo, flax, and coir are now being re-evaluated for their potential in 
construction, particularly in resource-rich nations like China, Brazil, and India15–21. China’s corn production is 
anticipated to exceed 1.5 billion tons by 202222.

The incorporation of natural fibres was found to substantially enhance the tensile, flexural strengths 
and fracture toughness of cement matrices23–26. Owing to their dispersion effect, these fibres can effectively 
control crack formation and propagation, thereby inducing a transition from the inherent brittle failure mode 
of cement matrices to a more desirable ductile one27–29.Beyond this, the addition of natural fibres leads to an 
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improvement in the impact resistance and an augmentation in the overall toughness of the material1. Research 
has confirmed that natural fibres can reduce the shrinkage of cement matrices, especially in dry environments. 
This modification plays a crucial role in mitigating the risk of shrinkage-induced cracks, thus enhancing the 
material’s durability30. Natural fibres can also effectively suppress crack formation and propagation through their 
dispersion within the cement matrix. They achieve this by bridging cracks and slowing down the rate of crack 
propagation28. As a result, the crack-resistance of the material is significantly improved. Despite these benefits, 
the incorporation of natural fibres may slightly increase the water absorption of cement matrices (usually by 
approximately 8%), which could potentially lead to debonding issues at the fibre - matrix interface30,31. However, 
by optimizing the fibre dosage and employing appropriate treatment methods, the adverse effects can be 
effectively mitigated. The utilization of natural fibres not only elevates the performance of cement matrices but 
also brings about environmental advantages. As renewable resources, natural fibres can diminish the reliance on 
conventional synthetic fibres, consequently reducing the carbon footprint31. The combination of natural fibres 
with materials such as alccofine can further optimize the mechanical properties of cement matrices. Studies 
have demonstrated that when bamboo fibres (BF) and coconut shell fibres (CF) are used in conjunction with 
alccofine, the mechanical properties of concrete are remarkably enhanced32.

The utilization of corn stalk fiber in construction materials represents a significant advancement in 
sustainable resource management. This agricultural byproduct, often regarded as waste, can be transformed into 
a valuable resource for the construction industry, thereby reducing waste accumulation and promoting resource 
efficiency33. This circular approach helps to diminish reliance on natural resources and eases environmental 
burdens34. When compared to traditional construction materials, the production process of corn stalk fiber 
is less energy-intensive and requires minimal chemical treatment, resulting in reduced carbon emissions35. 
Additionally, substituting petroleum-based materials with corn stalk fiber contributes to a further reduction 
in carbon footprint34. Research has demonstrated that the incorporation of corn stalk fiber into building 
materials can significantly enhance the flexural strength, tensile strength, and durability of these materials36. 
Furthermore, materials derived from corn stover exhibit remarkable fire resistance, chemical durability, and 
thermal insulation properties37. The low cost and wide availability of corn stalk fiber make their application in 
construction materials economically viable1. Large-scale application can potentially lower the overall cost of 
construction materials while providing an additional source of income for farmers1. The application of corn 
stalk fiber aligns with the principles of sustainable development by addressing agricultural waste disposal issues 
and offering an eco-friendly alternative in the construction sector36. The promotion of this material can drive 
the development of green building practices and foster a harmonious balance between ecological conservation 
and economic benefits38.

Despite existing studies on foam concrete incorporating steel slag and corn stalk fiber, significant knowledge 
gaps persist. The understanding of the optimal replacement ratios of steel slag in foam concrete, particularly 
when combined with corn stalk fiber, remains limited. The complex interactions between steel slag, corn stalk 
fiber, and the foam concrete matrix are not yet fully elucidated. Additionally, the long-term performance, 
durability, and environmental impact of these composite materials require further investigation.Specifically, 
while individual studies have explored the effects of steel slag and corn stalk fiber on foam concrete properties, 
few have systematically examined their combined influence. The potential synergistic effects of these components 
on the material’s mechanical strength, thermal insulation, and acoustic properties are not well understood. 
Furthermore, the impact of varying fiber types, sizes, and treatments on the overall performance of steel slag 
foam concrete remains an area ripe for exploration. The influence of environmental factors, such as humidity 
and temperature fluctuations, on the durability of these composites over time is also not adequately addressed 
in existing literature.

This research aims to bridge these knowledge gaps by systematically investigating the properties of steel 
slag foam concrete reinforced with corn stalk fiber. By optimizing the replacement ratios and understanding 
the interactions between components, we can develop a high-performance, sustainable construction material 
with broad applicability. The successful integration of steel slag and corn stalk fiber into foam concrete will not 
only enhance the material’s mechanical and physical properties but also contribute to the circular economy by 
utilizing industrial byproducts and agricultural waste.From an environmental perspective, this research will help 
reduce the carbon footprint of construction materials by decreasing reliance on traditional energy-intensive 
components like cement and sand. The utilization of steel slag and corn stalk fiber will also alleviate waste 
management challenges and minimize the depletion of natural resources. Economically, the development of a 
cost-effective and sustainable building material can benefit the construction industry by reducing material costs 
and providing new revenue streams for waste generators.

Overall, this research holds significant promise for advancing the sustainability of the construction sector, 
supporting global carbon neutrality efforts, and promoting the efficient use of resources through innovative 
material solutions.

Test programme
Materials
In this investigation, specimens of foam concrete were meticulously fabricated through the utilization of a 
domestic Portland cement of the P.O42.5 grade, complemented by steel slag powder (SSP), fly ash, corn straw fiber 
(CSF), and silica ash. The mechanical and physical properties of CSF were presented in Table 1, thereby offering 
a comprehensive overview of its characteristics pertinent to this study. Additionally, the chemical composition 
of the materials employed is detailed in Table 2, which is crucial for understanding their reactivity and potential 
interactions within the composite material. The foaming agent employed in this research is a protein-based 
blowing agent, the physical properties of which are outlined in Table 3. This choice of foaming agent is significant 
as it influences the cellular structure and, consequently, the insulative and mechanical properties of the foam 
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concrete. The specific surface area of the Portland cement, a key parameter affecting hydration and strength 
development, is quantified at 325  m²/kg, with a specific gravity of 3.05, indicating its density and potential 
impact on the concrete’s rheological properties.

Sample Preparation
Initially, the foaming agent is combined with water at a ratio of 1:50 and agitated in a mixing vessel for 25 min 
to generate foam. Subsequently, varying quantities of solid constituents are intimately blended with water 
according to the mixing proportions detailed in Table 4, yielding a slurry after 2 min of mixing in a mixing 
vessel. Subsequently, foam concrete of varying foam qualities was fabricated. The foam was carefully prepared 
and then transferred into a beaker for integration with the pre-mixed slurry. This initial mixture was manually 
agitated for a duration of 2 min to ensure thorough blending. Thereafter, the mixture underwent mechanical 
agitation at a moderate rotational velocity of 120 revolutions per minute (r/min) for an additional 3 min to 
achieve a homogeneous blend. This process results in the formation of foam concrete specimens with varying 
dimensions: 100 mm×100 mm×100 mm, 40 mm×40 mm×160 mm, 300 mm×300 mm×30 mm, and 100 mm × 
100 mm × 400 mm. Subsequently, the freshly mixed foam concrete specimens were demoulded and subjected to 
a curing process within a stringent environmental chamber, where the temperature was meticulously controlled 

Sample component OPC Foam Steelslag Cornstalk Flyash Silicafume Water − reducingagent Water
F0 496 0 200 8 80 24 7 220

F10 496 80 200 8 80 24 7 220

F15 496 120 200 8 80 24 7 220

F20 496 160 200 8 80 24 7 220

F25 496 200 200 8 80 24 7 220

F30 496 240 200 8 80 24 7 220

S0 696 160 0 8 80 24 7 220

S10 616 160 80 8 80 24 7 220

S15 576 160 120 8 80 24 7 220

S20 536 160 160 8 80 24 7 220

S25 496 160 200 8 80 24 7 220

S30 456 160 240 8 80 24 7 220

C0.0 496 160 200 0 80 24 7 220

C1.0 496 160 200 8 80 24 7 220

C1.5 496 160 200 12 80 24 7 220

C2.0 496 160 200 16 80 24 7 220

C2.5 496 160 200 20 80 24 7 220

C3.0 496 160 200 24 80 24 7 220

Table 4.  The mixing ratio of all SFSSFC samples (kg/m3).

 

Physical attributes Density (kg/l) PH VALUE Chloride content (Cl) Alkali content Freezing point

Synthetic liquid air-entraining 1.05 ± 0.02 4.5 ± 1 < 0.1% < 5% − 5 °C

Table 3.  The properties of the foam agent used in this paper.

 

Raw materials CaO MgO Al2O3 SO3 Fe2O3 SiO2 LOI
P.O 42.5 OPC 63.58 2.56 7.00 1.92 2.96 16.07 3.76

Steel slag 37.29 4.55 14.22 2.84 1.49 35.01 4.6

Fly ash 9.47 2.74 25.1 0.61 3.59 52.98 5.51

Silica fume 0.31 0.39 0.16 0.21 0.03 96.42 2.48

Table 2.  The chemical composition of the materials utilized in this paper.

 

Fiber type Length (mm) Breadth (mm) Density (g/cm3) Tensile strength (MPa) Elastic modulus (GPa)

Filament 10 0.5-1 13 65 15

Table 1.  Mechanical and physical characteristics of the CSF.
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at 20 ± 2 °C, and the relative humidity was maintained at no less than 95%. This curing regimen was executed 
for discrete periods of 7, 14, and 28 days, prior to the commencement of mechanical and durability assessments. 
In the purview of this investigation, a comprehensive set of 15 unique specimen groups were meticulously 
crafted to evaluate the effects of varying foam, steel slag, and straw contents on the performance metrics of the 
foam concrete. These groups were systematically designed to provide a nuanced understanding of the interplay 
between composition and material performance39. The precise mixing proportions for these specimen groups 
are articulated in Table 4, which serves as a critical reference for the methodology and subsequent data analysis.

Test procedure
The rheological properties of the foamed concrete were evaluated in strict accordance with the protocols detailed 
in GB/T2419-200540. Concurrently, the determination of dry density and water absorption was executed 
following the methodologies prescribed in JG/T266-201141. For these specific tests, specimens underwent 
a curing process prior to being subjected to a controlled drying regime at 60  °C for a period of 24  h, after 
which their masses were meticulously recorded42. Figure 143 presents a comprehensive flowchart of the water 
absorption test, which serves as a critical indicator of the material’s long-term durability. The assessment of 
mechanical strength, thermal conductivity, and freeze-thaw resistance was conducted in compliance with the 
Chinese standards GB/T50081-201944, JGJ/T341-201445, and GB/T50082-200946, respectively (Fig. 2).

Compressive and tensile strengths were ascertained for each set of triplicate specimens, each measuring 
100 mm × 100 mm × 100 mm, using an electro-hydraulic servo universal testing machine (WAW-1000 W). 
The flexural strength of three prismatic specimens, each with dimensions of 40  mm×40  mm×160  mm, was 
evaluated using an electric cement folding testing machine (DKZ-5000), employing a loading rate of 50 N/s47. 
Thermal conductivity was analyzed for specimens measuring 300  mm×300  mm×30  mm utilizing a thermal 
constants analyzer (TPS2200), while the freeze-thaw resistance of quintuplicate specimens, each measuring 
100 mm×100 mm×400 mm, was assessed using a concrete rapid freeze-thaw testing machine (HC-HDK9), with 
a series of cycles ranging from 10 to 50.

Results and discussion
Fluidity
As depicted in Fig. 3a, the flowability of foam concrete exhibits a positive correlation with the proportion of foam 
content. When the foam content is elevated to 30%, the flowability reaches its peak at 241 mm, a finding that is 
in accordance with prior research. This enhancement in flowability can be attributed to the lubricating action of 
the foam. The foam reduces the frictional forces between the constituent particles and facilitates greater water 
incorporation within the mixture, both of which contribute to an improvement in the overall flowability of the 
foam concrete.

Figure 3b illustrates that the flowability of foam concrete demonstrates an upward trend as the steel slag 
powder content is increased from 10 to 30%, with corresponding flowability values rising from 151  mm to 
183 mm. The addition of steel slag powder plays an effective role in suppressing bubble coalescence. This leads 
to a more uniform distribution of auxiliary pores within the foam concrete matrix, thereby enhancing the 
flowability. This phenomenon can be ascribed to the specific particle shape and size distribution of steel slag 
powder, which is conducive to optimizing the pore structure of the foam concrete and improving its flowability.

From Fig. 3c, it can be observed that the flowability of foam concrete experiences a slight decline as the 
rice straw fiber content is increased. Specifically, when the fiber content is raised from 1 to 3%, the flowability 
decreases from 173  mm to 160  mm, marking a reduction of 7.0%. The maximum flowability of 173  mm is 
achieved at a rice straw mass fraction of 1%. The incorporation of rice straw fibers tends to increase the friction 
between the materials, which in turn results in a slight diminution of flowability. This is predominantly because 
the fibrous structure of rice straw fibers has the effect of increasing the viscosity of the concrete mixture and 
impeding its flow. Nevertheless, the decrease in flowability is not substantial and can be mitigated through the 
implementation of appropriate mix design strategies and fiber surface treatments.

Water absorption
Figure 4a illustrates a linear correlation between the water absorption rate and foam content in foam concrete. 
Initially, water absorption decreases with increasing foam content, reaching a minimum of 10.5% at 10% foam 
content (sample F10). However, further increases in foam content lead to a rise in water absorption, with sample 
F30 (30% foam content) exhibiting the highest rate of 23.3%. This trend is attributed to the dual role of foam in 

Fig. 1.  Concrete water absorption test diagram.
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pore structure development. At moderate levels, foam aids in forming a stable pore network that limits water 
penetration. Excessive foam, however, disrupts this balance by introducing overly porous regions and uneven 
foam distribution, which can create interconnected pore pathways that facilitate water ingress.

As shown in Fig. 4b, the relationship between water absorption and steel slag powder content in foam concrete 
exhibits a U-shaped trend. When the steel slag powder content increases from 10 to 15%, water absorption 
decreases from 15.5 to 14.4%. However, further increasing the steel slag powder content to 30% results in an 
increase in water absorption to 17%. This behavior can be attributed to the pozzolanic activity of steel slag 
powder. Within the optimal range of 10–15%, the steel slag powder actively participates in secondary hydration 
reactions, which refine the pore structure, reduce pore size, and enhance the concrete’s water resistance. The 
formation of additional hydration products such as calcium silicate hydrate (C-S-H) contributes to a denser 
microstructure. Beyond 15%, the excessive addition of steel slag powder may lead to an overabundance of 

Fig. 3.  (a) Foam (b)slag powder (c) corn stalk on the fluidity of the foamed concrete specimens.

 

Fig. 2.  Fabrication process of concrete specimens and associated testing apparatus.
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reactive materials, which can disrupt the balance of the cementitious system. This may result in a less uniform 
distribution of hydration products, potentially creating weaker points within the matrix. Additionally, the 
increased quantity of steel slag powder could dilute the cement paste, reducing its binding efficiency and leading 
to a less compact concrete structure. The combination of these factors—microstructural inhomogeneity and 
reduced paste density—likely contributes to the observed increase in water absorption at higher steel slag 
powder contents.

Figure 4c reveals a direct linear relationship between water absorption and rice straw fiber content in foam 
concrete. This suggests that increasing rice straw fiber content can effectively reduce water absorption. The 
fibrous structure of rice straw fibers allows them to bridge pores within the concrete, blocking water penetration 
pathways and reducing pore connectivity. Furthermore, the hygroscopic nature of rice straw fibers enables them 
to absorb a portion of the water, further lowering the concrete’s water absorption rate. These characteristics make 
rice straw fibers a valuable addition for enhancing the water resistance of foam concrete.

Mechanical strength
This section provides a detailed exposition on the effects of diverse constituents on the mechanical strength of 
the foamed concrete developed in this study, assessed at specific curing intervals of 7, 14, and 28 days. Figure 5 
delineates the variation in compressive strength with incremental increases in foam content, steel slag powder 
content, and straw fiber content. From Fig.  5a, it is observed that as the foam content escalates from 10 to 
30%, there is a corresponding decline in compressive strength. Specifically, the 7-day strength reduces from 
approximately 11.6–3.5 MPa, marking a 70% decrease. The 14-day strength decreases from about 13.3–4.0 MPa, a 
70% reduction. The 28-day strength also diminishes from about 16.6 MPa to 5.0 MPa, representing a 58% decline. 
The present study reveals the significant impact of the foam mass fraction on the compressive strength of foamed 
concrete. An elevation in the proportion of foam within the concrete matrix results in a reduced interfacial bond 
and an increased volumetric ratio of pores, which logically culminates in a reduction of compressive strength52. 
The decrease in compressive strength from the 7-day to the 28-day mark is markedly more pronounced as the 
foam mass fraction escalates from 20 to 30%, with a decrease exceeding 60%. Consequently, it is inferred that 
the optimal foam mass fraction in the foamed concrete examined herein should not exceed 20% to maintain 
adequate compressive strength.

Figure 5b illustrates the effect of steel slag powder content on the compressive strength of foamed concrete. 
The results indicate that increasing the steel slag powder content from 10 to 15% significantly enhances 
compressive strength at 7, 14, and 28 days, with improvements exceeding 60%. However, further increases in 
steel slag powder content from 15 to 20% and from 20 to 30% result in a marked decrease in compressive 
strength by over 20% each time, leading to a gradual decline to below 8%.

Fig. 5.  (a) Foam (b) Slag powder (c) Corn stalk on SFSSFC specimen compressive strength.

 

Fig. 4.  (a) Foam (b) Slag powder (c) Corn stalk on the water absorption of the foamed concrete specimens.

 

Scientific Reports |        (2025) 15:21507 6| https://doi.org/10.1038/s41598-025-08149-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The initial increase in compressive strength at 10–15% steel slag powder content can be attributed to the 
pozzolanic reaction of the slag. In this range, the steel slag powder dissolves effectively in the alkaline environment 
of OPC, releasing silicate and aluminate ions. These ions react with Ca(OH)2 to form additional C-S-H gel, 
which refines the pore structure and enhances the strength of the cementitious matrix. The formation of a denser 
and more uniform microstructure contributes to the improved compressive strength observed in this range.

Conversely, at higher steel slag powder contents (above 15%), the system may become oversaturated with 
reactive slag components. This can lead to a reduction in the available Ca(OH)2, which is necessary for the 
formation of C-S-H gel. The excess slag may also introduce microstructural inhomogeneities, such as poorly 
hydrated regions or increased porosity, which can act as weak points within the matrix. Additionally, the 
increased slag content may dilute the cement paste, reducing its binding efficiency and leading to a less compact 
and weaker concrete structure. These factors collectively contribute to the observed decrease in compressive 
strength at higher steel slag powder contents.

Figure 5c delineates the variation in compressive strength associated with the incremental increase in the 
mass fraction of straw fiber within the foamed concrete matrix. A marked escalation in straw fiber content from 
1 to 3% is correlated with a corresponding decline in compressive strength. Specifically, the 7-day compressive 
strength experiences a reduction from approximately 9.6–6.8 MPa, representing a 29% decrease. The 14-day 
strength diminishes from about 11.0–7.5 MPa, a 32% decrease; the 28-day strength also declines from about 
13.8–9.5 MPa, a 31% reduction. The experimental outcomes demonstrate that, despite the low mass fraction 
of straw, its impact on the compressive strength of foamed concrete remains notably significant, approximately 
30%, with a more uniform trend in the decline of compressive strength.

Figure 6 illustrates the variation in tensile strength with incremental increases in foam content, steel slag 
powder content, and straw fiber content. As depicted in Fig. 6a, a linear decrease in tensile strength is observed 
as the foam content escalates from 10 to 30%, with a reduction exceeding 60% at the 7, 14, and 28-day marks.

Figure 6b presents a detailed analysis of the influence of steel slag powder content on the tensile strength of 
foamed concrete. The data indicates that an increment in steel slag powder from 10 to 15% yields a significant 
enhancement in tensile strength, exceeding 20% at all three-time points of 7, 14, and 28 days. Conversely, a 
further increase from 15 to 30% results in a notable decrease in tensile strength, approximately 25%.

Figure 6c illustrates the variation in tensile strength with the incremental rise in straw fiber content. An 
elevation in the straw mass fraction from 1 to 3% corresponds to a decrease in tensile strength, with a reduction 
surpassing 60% at the 7, 14, and 28-day intervals. These findings suggest that the effects of steel slag powder and 
straw fiber content on the tensile strength of foamed concrete are congruent with their influence on compressive 
strength.

Figure 7 provides a comprehensive depiction of the alterations in flexural strength with respect to incremental 
increases in the content of foam, steel slag powder, and straw fiber within the foamed concrete matrix. Specifically, 

Fig. 7.  (a) Foam (b) Slag powder (c) Corn stalk on the bending strength of the foamed concrete specimens.

 

Fig. 6.  (a) Foam (b) Slag powder (c) Corn stalk on the flexural strength of the foamed concrete specimens.
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Fig. 7a illustrates that an escalation in foam content from 10 to 30% is accompanied by a corresponding decline 
in flexural strength, with a reduction exceeding 50% at the 7, 14, and 28-day assessment points.

Furthermore, Fig. 7b elucidates the influence of varying steel slag powder content on the flexural strength of 
foamed concrete, offering insights into how this particular constituent affects the material’s performance under 
bending loads. The data indicates that augmenting the steel slag powder content from 10 to 15% results in a 
significant enhancement in flexural strength by over 65% at all three-time points; conversely, a further increment 
from 15 to 30% leads to a marked decrease in flexural strength by more than 45%.

Figure 7c illustrates the alteration in flexural strength associated with the incremental rise in straw fiber 
content. An elevation in the straw mass fraction from 1 to 3% is accompanied by a decrease in flexural strength, 
with a reduction surpassing 35% at the 7, 14, and 28-day intervals.

The mechanical strength of foamed concrete is intrinsically linked to its dry apparent density, as documented 
in the literature39,53. Figure 8 presents the correlation function between the compressive strength ascertained 
in this investigation and the corresponding apparent dry density reported in other scholarly works. The 
compressive strength results obtained in this study, as presented in Table 5, exhibit both consistencies with and 
deviations from existing literature. These results align with the performance criteria stipulated in the Chinese 
standard JG/T 266–201142. Across the dry density range of 600–800 kg/m3, our findings of 2.4–7.3 MPa align 
with previous studies. Similarly, at 800–1000 kg/m3, our compressive strength values of 1.3–7.4 MPa fall within 
documented ranges. However, discrepancies emerge at higher densities: for the 1000–1400 kg/m3 range, our 
results of 5.0-19.3  MPa are slightly lower than the literature’s 6.7–21.4  MPa; and at 1400–1700  kg/m3, our 
compressive strength values of 13.8–16.6 MPa show a narrower distribution compared to the literature’s 12.9–
27.7 MPa. At the highest density range of 1700–2100 kg/m3, direct comparison with our results is not feasible 
based on the available literature.

These differences can be attributed to the unique composition of the foam concrete in our study. The specific 
combination of foam content, steel slag, and corn straw fibers influences the porosity and pore structure of 
the concrete. Higher foam content increases porosity but may compromise the optimal pore distribution, 
thereby reducing strength. Furthermore, the integration of steel slag and corn straw fibers affects the mechanical 

Fig. 8.  Correlation between compressive strength and dry apparent density of foamed concrete specimens in 
this investigation.
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properties of the composite. These materials can either enhance or diminish strength depending on their 
processing and compatibility with the cement matrix. The distinct mix design employed in our study likely 
accounts for the observed variations in compressive strength compared to other research.

Thermal conductivity
Figure 9 presents the 28-day thermal conductivity outcomes for foamed concrete with varying foam, steel slag 
powder, and straw fiber contents. As delineated in the figure, thermal conductivity exhibits a linear decrease 
with an increment in foam content. The observed phenomenon is attributed to the enhanced porosity and 
increased gas content due to elevated foam content, which consequently diminishes thermal conductivity. 
Among all specimens with varying foam contents, specimen F10 exhibits the highest thermal conductivity, with 
a recorded value of 0.52 W/m K. For foamed concrete with 160 kg/m3 of foam content and 8 kg/m3 of straw 
fiber, the thermal conductivity increased from 0.34 to 0.42 W/m K as a result of the increased steel slag powder 
content. This increase is ascribed to the densification effect of steel slag powder on the concrete microstructure. 
Notably, the foamed concrete specimen with 160 kg/m3 of foam content and 200 kg/m3 of steel slag powder 
content exhibited the lowest thermal conductivity, with C3.0 registering a value of 0.27 W/m K. This reduction in 
thermal conductivity is attributed to the insulating properties of straw fibers, as corroborated by the literature55.

A significant correlation between thermal conductivity and density is well-documented in the literature53. 
Figure 10 illustrates the regression analysis that establishes a relationship between the thermal conductivity data 
derived from this study and the corresponding apparent dry density, integrating our findings with data extracted 
from additional scholarly works. The thermal conductivity results from this study, as shown in Table 6, generally 
align with existing literature. At dry densities of 600–800 kg/m3 and 800–1000 kg/m3, our thermal conductivity 
values are consistent with those documented in previous studies. However, deviations occur at higher densities: 
for the 1000–1400 kg/m3 range, our thermal conductivity values of 0.27–0.35 W/(m K) are slightly lower than 
the literature’s 0.38–0.44 W/(m K); and at 1400–1700 kg/m3, our results of 0.36–0.52 W/(m K) are lower than 
the literature’s 0.63–0.76 W/(m K). At the highest density range of 1700–2100 kg/m3, direct comparison with our 
results is not feasible based on the available literature.

The lower thermal conductivity observed in our study can be attributed to the specific combination of 
materials and their processing methods. The incorporation of steel slag and corn straw fibers may contribute 
to a more insulating pore structure or possess inherent thermal properties that reduce thermal conductivity. 
The unique mix design and material proportions in our study likely play a role in achieving enhanced thermal 
insulation properties compared to previous research. Additionally, the methods used to incorporate foam into 
the concrete matrix may influence the pore structure and, consequently, the thermal conductivity of the final 
product.

Freeze-thaw resistance
Foamed concrete, characterized by its porous structure, encapsulates a significant volume of entrained air 
bubbles that may coalesce to form conduits for water penetration, thereby affecting the material’s freeze-thaw 
durability52. In accordance with the standard JGJ/T 341–201465, failure is determined when the mass loss of 

Fig. 9.  (a) Foam (b) Slag powder (c) Corn stalk on the thermal conductivity of the foamed concrete 
specimens.

 

Dry density (kg/m3)

Compressive strength (28 
days) (MPa)

ReferencesOther literature This study

600–800 2.4–7.3 55–58

800–1000 1.3–7.4 53,59–61

1000–1400 6.7–21.4 5.0-19.3 42,50

1400–1700 12.9–27.7 13.8–16.6 52,63

1700–2100 8.0–48.0 63,64

Table 5.  This study presents a comparative analysis of the compressive strength results obtained from our 
experiments with those documented in the existing body of literature.
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foamed concrete reaches 5% or the compressive strength loss reaches 20%, with the former criterion taking 
precedence as the failure standard.

Figure 11 presents the mass loss and compressive strength of foamed concrete prepared with varying 
amounts of foaming agent following multiple freeze-thaw cycles. The results indicate that after 10 or 20 cycles, 
there is a marginal increase in the mass of all specimens, with a compressive strength loss ranging from 2.7 to 
9.0%. This initial mass increase is posited to result from water ingress into the unsaturated specimens through 
interconnected pores. After 30, 40, and 50 freeze-thaw cycles, both the mass and compressive strength of the 
material exhibit a nearly continuous increasing trend of loss with the increase of the foaming agent dosage. 
Specimens F20 and F25 sustained damage when the compressive strength loss exceeded 20%, while F30 
specimens were damaged when the mass loss and compressive strength loss exceeded 5% and 20%, respectively. 
This outcome can be attributed to the increased foam content leading to an increase in interconnected pores and 
water absorption, as discussed in Sect. 3.2, resulting in more water being frozen during the freeze-thaw cycles 

Dry density (kg/m3)

Thermal cond.

ReferencesOther literature This study

600–800 0.15–0.16 58

800–1000 0.10–0.20 53,60

1000–1400 0.38–0.44 0.27–0.35 55

1400–1700 0.63–0.76 0.36–0.52 52,63

1700–2100 0.511-0.9 63,64

Table 6.  The comparison between the thermal conductivity tested in this study and that reported in other 
literature.

 

Fig. 10.  The curve fitting of dry apparent density and thermal conductivity of SFSSFC.
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and a consequent increase in internal stress within the binding matrix, leading to gradual mass and compressive 
strength loss39.

Figure 12 delineates the influence of steel slag powder content on the mass and compressive strength loss of 
foam concrete specimens. With an increase in the number of freeze-thaw cycles, there is a significant increase in 
mass loss and compressive strength loss of the specimens. Within 30 cycles, the difference between specimens 
with varying slag powder content is not significant. However, after 40 or 50 cycles, the difference becomes readily 
apparent, with the minimal loss of mass and mechanical strength observed in S15, which contains 15% steel slag 
powder in the mix ratio. This aligns with the highest flexural and compressive strength observed after 28 days 
of curing. Specimens S20, S25, and S30 sustained damage when the compressive strength loss exceeded 20%.

Figure 13 illustrates the influence of straw fiber content on the mass and compressive strength loss of foamed 
concrete specimens. An increase in straw fiber content corresponds to a decrease in the quality and compressive 
strength loss of foam concrete specimens, although the trend is not pronounced, likely due to the low straw 
fiber content. After 50 freeze-thaw cycles, no damage occurred due to mass loss in the samples; however, 
damage occurred when the compressive strength loss of C1.0, C1.5, C2.0, and C2.5 samples exceeded 20%. 
These findings underscore the significance of fiber content in enhancing the durability of foamed concrete under 
freeze-thaw conditions, consistent with the performance and mechanism analysis of natural fiber-reinforced 
foamed concrete.

Fig. 12.  (a) Mass loss and (b) compressive strength degradation of foamed concrete with varying slag powder 
content across multiple freeze-thaw cycles.

 

Fig. 11.  (a) Mass loss and (b) compressive strength degradation of foamed concrete with varying foam content 
across multiple freeze-thaw cycles.
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Conclusions
The study examined how foam content, SSP content, and CSF content influence SFSSFC performance. The 
following conclusions were found:

•	 The fluidity and water absorption of concrete are significantly affected by foam content. As foam content 
increases, porosity rises, thereby increasing the likelihood of water ingress, fluidity, and water absorption.

•	 Optimal mechanical strength is attained with a 15% SSP content. However, mechanical strength varies con-
sistently with increasing foam and straw fiber content.

•	 Samples with similar dry density but lower thermal conductivity were prepared, exhibiting superior thermal 
insulation properties compared to materials in similar studies.

•	 After 30 freeze-thaw cycles, there was a notable increase in specimen mass loss and compressive strength. 
S15 exhibited excellent resistance to freezing and maintained its mechanical strength without any damage or 
destruction. Furthermore, straw fiber significantly improves the freeze-thaw performance of SFSSFC.
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