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ABSTRACT 
 

     Lightweight materials are increasingly used in geotechnical engineering to mitigate 
seismic loads and improve soil–structure interaction beneath shallow foundations. In 
practice, Expanded Polystyrene (EPS) have been widely adopted in the literature and 
practice. This study investigates the feasibility of a newly developed ceramic-based 
lightweight material as an alternative material beneath foundations. Four different 
ceramic foam mixtures were produced and experimentally characterized in terms of their 
mechanical properties. Despite having a similar low density, the materials exhibited 
notable differences in mechanical performance. Laboratory testing revealed that the 
unconfined compressive strengths of the mixtures varied significantly, with differences 
reaching up to twofold between the weakest and strongest compositions. The results 
propose that mixture design plays a critical role in the control of mechanical response of 
the materials. In order to evaluate its engineering performance, two-dimensional (2-D) 
finite element analyses were performed to investigate the behavior of shallow 
foundations supported by these materials under both static and dynamic loads. The 
numerical results indicate that ceramic foam layers can effectively reduce stress transfer 
and modify settlement behavior while maintaining higher load-bearing capacity. The 
novelty of this study lies in the combined experimental and numerical evaluation of 
multiple ceramic foam formulations, highlighting how variations in mixture design can 
lead to significant differences in compressive strength and overall foundation 
performance. This provides new insights into the potential use of ceramic-based 
lightweight materials as structurally efficient to other conventional materials. 
 
1. INTRODUCTION 
 
     Recent devastating earthquakes have demonstrated that the seismic performance 
of construction infrastructure depends not only on the structural system but also on the 
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dynamic interaction between the soil, foundation, and superstructure. In many seismic 
events, structural damage is not solely related to the intensity of the shaking; the dynamic 
response of the supporting soil is also a major factor. Under earthquake loading, shallow 
foundations can experience over settlement, differential displacement, reduced bearing 
capacity, and significant loss of rigidity and strength in liquefiable soils. These 
mechanisms directly affect the soil–foundation–structure interaction (SFSI), which 
governs the transfer of seismic forces from the ground to the superstructure and 
ultimately influences the overall seismic performance of engineering systems. 
Consequently, understanding and mitigating adverse soil–foundation interaction has 
become an important objective in earthquake-resistant geotechnical engineering [Asgari 
and Forcellini (2026), Hasheminezhad and Bahadori (2019)]. To reduce seismic demand 
acting on foundations, numerous ground improvement and foundation isolation 
techniques have been developed over the past decades. Conventional approaches 
include densification, deep soil mixing, stone columns, drainage systems, and other 
ground reinforcement methods that aim to improve soil stiffness and mitigate 
liquefaction-induced deformation. Although these methods have demonstrated 
satisfactory performance, many of them require extensive site operations, high 
construction costs, or significant modifications to the existing ground conditions. 
Therefore, increasing attention has been directed toward alternative mitigation strategies 
that reduce seismic loads by modifying the characteristics of the foundation system itself 
rather than the surrounding soil [Asgari and Forcellini (2026), Hasheminezhad and 
Bahadori (2019)]. Another alternative is lightweight geomaterials, which reduce stresses 
transmitted to the foundation by decreasing the self-weight of the supporting layer. Thus, 
they are attracting increasing attention as they improve both static and dynamic soil-
foundation interaction [Asgari and Forcellini (2026), Hasheminezhad and Bahadori 
(2019), A. Mohajerani et al. (2017),Yıldız (2022)]. 
Among lightweight geomaterials, Expanded Polystyrene (EPS) geofoam is the most 
widely used material in geotechnical engineering. Thanks to its relatively low density, 
relatively high compressive strength, easy installation, and favourable thermal insulation 
properties, EPS was first used as a lightweight road embankment in Norway in the early 
1970s. Other application areas include highway embankments, bridge approaches, 
retaining walls, buried structures, slope stabilization, and seismic foundation systems. 
Numerous experimental and numerical studies have shown that EPS effectively reduces 
lateral soil pressures, foundation settlements, and seismic-induced stresses while 
maintaining adequate load-carrying capacity. As a result, it has become one of the 
preferred lightweight materials for mitigating earthquake effects on foundations and other 
geotechnical structures [A. Mohajerani et al. (2017),Yıldız (2022), Khosravi and Arellano 
(2024), Ghazavi et al. (2025)]. 
Despite these advantages, EPS geofoam also has limitations. Concerns exist regarding 
long-term mechanical performance, creep deformation, fire resistance, temperature 
sensitivity, and environmental sustainability. This has prompted researchers to explore 
alternative lightweight materials that can offer better durability and structural stability at 
comparable densities. Other lightweight materials such as foamed concrete, lightweight 
aggregate concrete, foamed glass, expanded clay, pumice stone, and recycled 
lightweight composites have also been investigated for alternative geotechnical 
applications to EPS; however, their engineering performance is largely influenced by 
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pore structure, component materials, and manufacturing methods [A. Mohajerani et al. 
(2017), Mercader-Moyano (2017)]. 
Porous ceramics and ceramic foams have been extensively investigated because of their 
low density, controlled pore structure, thermal stability, chemical resistance, and non-
combustibility enable them to perform under conditions where polymeric foams or 
conventional lightweight materials may be unsuitable. Depending on pore size, 
morphology, and connectivity, these materials can be designed for both functional and 
structural applications. Hammel et al. comprehensively classified the major application 
areas of porous ceramics as thermal insulation, water and hot-gas filtration, molten-metal 
filtration, biomedical scaffolds, and porous preforms for ceramic–metal composites. More 
recently, Wang et al. emphasized that particle-stabilized foaming methods can produce 
highly porous ceramic structures with tailored pore architecture and adequate 
mechanical stability for a broad range of advanced applications [Hammel et. al (2014), 
Wang et. al (2024)]. 
Thermal insulation is among the most widely investigated applications of ceramic foams. 
Their low thermal conductivity arises from the large volume of entrapped air and the 
interruption of heat-transfer paths by the pore network. Closed, fine, and uniformly 
distributed pores are particularly beneficial because they suppress convective heat 
transfer while retaining a mechanically continuous ceramic skeleton. Zhu et al. similarly 
prepared glass-ceramic foams from coal fly ash and waste glass for thermal-insulation 
purposes [Hammel et. al (2014), Zu et. al (2016)]. 
Recently, ceramic-based lightweight materials have also begun to attract attention in 
structural engineering. For example, Li et al. developed prefabricated ceramic foam 
concrete sandwich shear walls using ceramic foam concrete as a lightweight core 
material, simultaneously enhancing thermal insulation and seismic resistance. The study 
highlights the potential of ceramic-based porous materials for load-bearing engineering 
applications by demonstrating that ceramic foam concrete provides higher mechanical 
compatibility and superior structural performance compared to traditional polymeric 
insulation cores [Li et. al (2025)]. 
Despite these significant advances, the application of ceramic foams in geotechnical 
engineering remains quite limited. While current studies focus primarily on thermal, 
filtration, environmental, biomedical, and structural applications, there are very few 
studies investigating their potential under shallow foundations subjected to static or 
seismic loading. 
Our previous preliminary study demonstrated that lightweight ceramic foam possesses 
suitable density, adequate compressive strength, and favorable settlement properties, 
and could be used as an alternative seismic isolation material under shallow foundations 
[Kurama et. al. (2026)]. Although the applicability of ceramic foam was demonstrated in 
previous studies, the impact of mixture design on engineering performance has not yet 
been systematically investigated. In particular, the relationship between ceramic foam 
composition, mechanical properties, and foundation response under static and seismic 
loading has been largely unexplored. In this study, four different ceramic foam mixtures 
with similar low-density values but exhibiting significantly different mechanical properties 
were developed and investigated. The compressive strengths of the mixtures were 
determined experimentally, and then the obtained mechanical parameters were 
integrated into two-dimensional finite element models of shallow foundation systems 
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under static and dynamic loads. This study, which reveals the relationship between 
material design, mechanical performance, and foundation behavior through a holistic 
approach, offers original contributions to the potential use of ceramic foams as 
lightweight seismic isolation materials in geotechnical engineering. 
 
 
2. EXPERIMENTAL PROCEDURE 
 
     2.1 Raw Materials and Characterization 
In this study, four different ceramic foam compositions were prepared, one of which was 
a reference composition. The reference composition (STD) consisted of clay, albite, 
calcite, pegmatite and SiC. The raw materials were selected considering their functions 
in ceramic foam production. Clays were used to ensure the formability of the body and 
as the primary aluminosilicate source. Albite and pegmatite were included in the 
composition as fluxes that facilitate liquid phase formation and sintering during firing. 
Calcite was used due to its high-temperature decomposition and its contribution to the 
firing behavior of the body. SiC was used as the foaming agent. To develop sustainable 
ceramic foam compositions, filter press cake waste (FW) obtained from the Seranit 
Ceramic Factory (Bilecik-Turkey) was utilized as an alternative raw material source, while 
ceramic polishing waste (PW) served as a source of SiC due to its SiC content. 

Table 1. Chemical analyses of the raw materials 
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*L.O.I: Loss of ignation  

In the compositions containing waste, FW and PW were used in equal proportions, and 
a portion of the clay and albite were replaced. Thus, the usability of industrial wastes as 
a substitute for traditional ceramic raw materials and the effect of the change in mixture 
design on the physical and mechanical properties of ceramic foams were investigated. 
The chemical compositions of all raw materials used in the study were determined by X-
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ray fluorescence spectrometry (XRF, Rigaku ZSX Primus). To evaluate the firing 
behaviour of the raw materials, samples in tablet form were prepared and fired at 1200°C 
for 30 minutes. After firing, the firing shrinkage, water absorption rate, firing strength, and 
firing colour of the samples were determined. The obtained results were considered in 
evaluating the usability of wastes as alternative ceramic raw materials. The chemical 
compositions of the raw materials are given in Table 1. 
To create a porous structure, synthetic silicon carbide (SiC) foaming agent was added to 
all compositions. During firing, SiC oxidizes, releasing CO and CO₂ gases. These gases, 
trapped within the viscous ceramic matrix, lead to the formation of closed and/or 
interconnected pores. To determine the balance between pore structure and mechanical 
strength, the SiC ratio was varied between 0.17-0.28% by weight depending on the 
composition. 
 

     2.2 Design of Ceramic Foam Compositions 

The reference composition STD was designed to be waste-free and to have a total dry 
raw material content of 100% by weight. The conventional reference composition was 
designated as STD, while the waste-containing compositions were coded as R-1, R-2, 
and R-3. In compositions R-1, R-2, and R-3, which contain waste, filter press cake and 
polishing waste were used in equal proportions. In composition R-1, both wastes were 
used at 5 % wt. each, resulting in a total waste content of 10% wt. This substitution was 
achieved by reducing the amount of clay coded as Clay 1 from 41 to 31% wt. In 
compositions R-2 and R-3, the proportion of each waste was increased to 10% wt., and 
the total waste content was increased to 20% wt. In these compositions, the proportion 
of clay coded as Clay 2 was reduced to 26%, and the albite content to 15% wt. The 
proportions of other raw materials were kept constant. While R-2 and R-3 have the same 
basic raw material composition, their SiC ratios were determined as 0.19% and 0.17% 
wt., respectively. Thus, the aim was to investigate the effect of varying the amount of 
foaming agent on pore formation and mechanical behaviour in samples with the same 
waste ratio and similar low density. Details of the four ceramic foam compositions are 
presented in Table 2. 
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Table 2. Compositions of the reference and waste-containing ceramic foam recipes 

Raw 

Materials 

(wt. %) 

STD R-1 R-2 R-3 

Clay 1 9.00 9.00 9.00 9.00 

Clay 2 41.00 31.00 26.00 26.00 

Albite  20.00 20.00 15.00 15.00 

Calcite 2.00 2.00 2.00 2.00 

Pegmatite 28.00 28.00 28.00 28.00 

SiC 0.28 0.19 0.19 0.17 

FW - 5.00 10.00 10.00 

PW - 5.00 10.00 10.00 

      
2.3 Preparation, Firing, and Physical Characterization of Ceramic Foam Samples 

In the preparation of ceramic foam samples, the raw materials, weighed according to the 
recipes given in Table 2, were mixed until a homogeneous mixture was obtained. Then, 
the SiC-based foaming agent (PW and Synthetic SiC) in the determined ratio for each 
composition was added to the mixture, and the mixing process was continued until 
homogeneous distribution was achieved. The prepared mixtures were shaped into 
cylinders and dried before firing. The dried samples were fired in an electric laboratory 
kiln at 1200°C for 30 min. During firing, the oxidation of SiC generated CO and CO2 gases. 
These gases were retained within the softened ceramic matrix, resulting in expansion 
and the formation of a porous cellular structure, as previously reported for SiC-foamed 
ceramics produced from ceramic polishing waste and other solid wastes [Wang et. al 
(2026), Zhang et. al (2021)]. After firing, the samples were allowed to cool to room 
temperature inside the kiln. The masses, radii, and heights of the fired cylindrical samples 
were measured to determine their geometric volumes and bulk densities.  

The bulk densities of the samples were determined by dividing the dry mass by the 
geometric volume. The geometric volume of each cylindrical sample was calculated and 
its geometric bulk density was subsequently determined from the ratio of dry mass to 
geometric volume. 

3. TEST RESULTS  
 
     3.1 Physical Properties and Density 

The dimensions, mass, volume, and bulk density values of the fired ceramic foam 
samples are given in Table 3. The volumes of the samples varied within a relatively 
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narrow range of 267.93-270.49 cm³. This indicates that different mixture compositions 
formed geometrically comparable cylindrical samples after firing. In contrast, the sample 
masses ranged from 81.04 - 89.38 g, revealing density differences depending on the 
composition. The bulk densities of the STD, R-1, R-2, and R-3 samples were determined 
as 0.326, 0.312, 0.300, and 0.332 g/cm³, respectively. The lowest density was obtained 
in the R-2 composition, which contained a total of 20% filter press cake and polishing 
waste. The density of R-2 is approximately 8.2% lower than the reference sample. The 
density of the R-1 composition, containing 10%wt. waste, decreased by approximately 
4.5% compared to the STD sample. These results indicate that an increase in waste 
content can, under certain conditions, support pore formation and provide a lower-density 
structure. Samples R-2 and R-3 exhibited different density values despite having the 
same basic raw material composition and the same total waste ratio. The density of 
sample R-2, containing 0.19%wt. SiC, was 0.300 g/cm³, while the density of sample R-
3, where the SiC content was reduced to 0.17%wt., increased to 0.332 g/cm³. This 
difference shows that a small reduction in SiC content can affect the amount of gas 
generated during firing and the resulting pore development. The lower SiC content 
limiting gas formation may have led to the formation of a denser ceramic structure in 
sample R-3. 

Table 3. Properties of post-sintering foam ceramic samples 

 STD R-1 R-2 R-3 

Radius (cm) 2.85 2.825 2.85 2.85 

Height (cm) 10.5 10.7 10.6 10.55 

Weight (gr) 87.45 83.61 81.04 89.38 

Volume (cm3) 267.93 268.27 270.49 269.21 

Density (gr/cm3) 0.326 0.312 0.300 0.332 

 
     3.2 Pore Structure and Microstructural Evaluation 

Cross-sectional and optical microscope images of the fired samples are shown in Fig. 1-
2. In all compositions, a cellular structure consisting largely of spherical or near-spherical 
pores developed. The fact that most of the pores are separated from each other by 
distinct ceramic walls indicates that the samples exhibit a predominantly closed-cell 
morphology. However, pore size, pore distribution, and cell wall thickness varied 
depending on the mixture composition. While smaller and relatively homogeneously 
distributed pores were observed in STD and R-1 samples, the porous area increased 
and larger pores formed in R-2 and R-3 compositions. This change can be attributed to 
the change in the high-temperature melting and viscosity behaviour of the mixture as the 
waste ratio increased from 10% to 20%. It is expected that the alkali and Ca-containing 
components provided by the filter press cake facilitate liquid phase formation, while the 
silica content of the polishing waste contributes to glassy phase development. The 
attainment of a suitable viscosity in the resulting liquid phase may have facilitated the 
retention of gases released because of SiC oxidation within the matrix, and may have 
created a more pronounced pore structure, especially in R-2 and R-3 composition 
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Fig. 1. Post-sintering images of foam ceramics 

 

 

Fig. 2. Cross-sectional microscope images of foam ceramics 

Zhang et al. (2021) stated that pore formation in waste-based glass-ceramic foams 
depends not only on the amount of foaming agent but also on the combined effect of raw 
material chemistry, liquid phase amount, melt viscosity, firing temperature, and holding 
time. For SiC to effectively provide foaming, gas formation must coincide with the 
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softening and appropriate viscosity range of the mixture. While excessively high viscosity 
limits pore growth, too low viscosity can cause gas to escape from the structure or small 
pores to coalesce to form larger and irregular voids [Zhang et. al (2021)]. 

The fact that R-2 and R-3 have the same basic raw material and waste composition 
allows the difference between the two samples to be particularly related to the amount of 
SiC. Furthermore, the reduction in the total gas volume formed due to the lower SiC 
content in R-3 may have ensured the preservation of thicker cell walls and a higher solid 
phase ratio. Zhu et al. and Wang et al. (2016) [9,10] reported that the merging of pores 
can lead to the formation of larger and more irregular voids; and that heterogeneity in 
pore size distribution and defects in cell walls can negatively affect mechanical strength. 
In the same study, it was emphasized that foams with a more homogeneous pore 
distribution and fewer defective cell walls can exhibit higher compressive strength, even 
at similar densities. Wang et al. (2024) also stated that the porosity-strength relationship 
cannot be explained solely by total pore volume; pore size distribution, pore 
interconnectivity, cell wall integrity, and hierarchical pore structure are fundamental 
parameters determining mechanical performance [Wang et. al (2024)]. 

Therefore, the effect of the significant pore development observed in R-2 and R-3 on 
compressive strength should not be evaluated solely through density. In particular, large 
pores, pore merging, thin cell walls, or irregular voids can reduce strength by creating 
stress concentration zones. Conversely, closed pores with a more homogeneous 
distribution, near-spherical shape, and surrounded by robust walls can provide more 
stable mechanical behavior while maintaining low density. 

     3.3 Unconfined Compressive Strength (UCS) Results and Literature Comparison 

The unconfined compressive strength (UCS) tests were conducted to evaluate the 
mechanical response of the four distinct ceramic foam formulations under quasi-static 
loading conditions. The physical appearance and failure patterns of the tested specimens 
are presented in Fig. 3, while their corresponding stress–strain relationships are 
illustrated in Fig. 4. To ensure statistical reliability and repeatability, each test was 
performed in triplicate (three times for each formulation). The experimental results 
demonstrated high consistency, with strength variations remaining within a narrow range 

of 5%, confirming that the mixture preparation and fabrication process yielded highly 
reproducible material structures and stable mechanical properties. 
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Fig. 3. Fabricated ceramic foam specimens produced using four different mixture 
designs 

The experimental results revealed significant variations in compressive strength among 
the mixtures, despite maintaining a targeted low density. As shown in Fig. 4, the lowest 
unconfined compressive strength was recorded for specimen R-2, achieving an ultimate 
peak strength (qu) of 2.4 MPa. Conversely, the highest compressive strength was 
demonstrated by specimen STD, reaching a peak value of 4.2 MPa. The remaining 
formulations exhibited intermediate compressive strengths bounded by these two limits, 
confirming that subtle modifications in mixture design can yield up to an approximate 
1.75-times larger in load-bearing capacity. 
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Fig. 4. Stress–strain curves obtained from unconfined compression tests for the 
ceramic foam specimens 

In addition to the peak compressive strength, the stress–strain curves presented in Fig. 
4 provide crucial insights into the stiffness, strain capacity, and failure ductility of the 
tested ceramic foam mixtures under unconfined loading. Specimen R-1 exhibits a 
characteristic brittle failure mode. It reaches its ultimate compressive capacity of 
approximately 2.39 MPa at a very low axial strain level of approx 0.81%. Immediately 
following the peak stress, a sharp and catastrophic drop in stress is observed, fully losing 
its structural integrity before reaching 2% axial strain. This indicates a highly rigid matrix 
with limited energy absorption capacity prior to fracture. The standard specimen (STD) 
demonstrates the highest peak stress of 4.29 MPa, which is sustained over a broader 
strain range between 4.0% and 5.4%. Unlike R-2, STD mobilizes its maximum capacity 
through significant elastic-plastic deformation before undergoing a steep softening phase 
after 5%, completely failing around 6% axial strain. 

Specimen R-1 shows a pronounced ductile/strain-hardening behavior. It exhibits a 
gradual initial stiffness gain up to 2.5%, followed by a extended plateau region where it 
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mobilizes a peak stress of 2.80 MPa at a significantly higher axial strain level of approx. 
7.5%. The post-peak stress reduction occurs smoothly and progressively up to 11%, 
highlighting substantial post-yield energy absorption capacity. Regarding Specimen R-3 
exhibits an intermediate response, mobilizing a peak compressive strength of 3.51MPa 
at approximately 5.45%. After achieving its peak capacity, R-15 demonstrates a 
prolonged, progressive crushing phase without sudden collapse, maintaining structural 
resistance well above 2.0 MPa even beyond 11% axial strain. 

From a geotechnical engineering perspective, the strain level at peak stress governs the 
deformability and serviceability of the subbase layer: While R-1 offers fast stiffness 
mobilization at low strains, its low strain tolerance makes it susceptible to brittle failure 
under differential foundation settlements. Conversely, mixtures such as R-2 and R-3 
undergo controlled crushing and matrix densification over a wider strain domain, offering 
enhanced energy dissipation and preventing sudden structural loss beneath shallow 
foundations. The STD mixture effectively balances maximum structural load-bearing 
capacity with moderate deformation, establishing the optimal upper-bound performance 
threshold. 

To evaluate the structural feasibility of the developed ceramic foam mixtures as a 
subbase or seismic isolation material beneath shallow foundations, the obtained UCS 
values were evaluated against conventional lightweight geomaterials reported in the 
literature, particularly Expanded Polystyrene (EPS) geofoam. 
 
Commercial EPS geofoam used in geotechnical engineering is commonly manufactured 
in accordance with ASTM D6817 and typically exhibits compressive resistance at 10% 
axial strain ranging from approximately 30 to 150 kPa, depending on the material type 
(e.g., EPS15–EPS39). However, since EPS behaves approximately linearly up to about 
1% strain, engineering design is generally based on the compressive resistance at 1% 
strain rather than the ultimate resistance at 10% strain. In comparison, the developed 
ceramic foam mixtures demonstrate compressive strengths that are approximately 16 to 
140 times higher than those of standard EPS geofoam blocks.  
 
While EPS geofoam relies on large volumetric compressions to absorb stresses, its low 
elastic limit restricts its application beneath heavily loaded foundations or in 
environments susceptible to high compressive stress concentrations. The developed 
ceramic foam formulations, even at their lowest strength configuration, offer substantially 
higher structural rigidity and compressive resistance. 
 
The observations indicate that ceramic-based lightweight materials can bridge the gap 
between ultralight polymeric foams (EPS) and structural lightweight concretes. By 
offering superior compressive strength (2.4 - 4.2 MPa) while preserving a low unit weight, 
the tested formulations provide adequate structural support to prevent premature yield 
or excessive crushing, making them viable candidates for foundation isolation beneath 
moderate-to-heavy structural loads. 
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EPS geofoam behaves as an elastomeric/ductile cellular material, deforming excessively 
under sustained loads through elastic wall bending and collapse without catastrophic 
structural disintegration. Conversely, ceramic foams exhibit rigid-brittle to strain-softening 
cellular responses. In terms of R-1 & STD, these formulations provide significantly higher 
initial elastic stiffness compared to EPS, resisting deformation up to their peak strength 
before undergoing post-peak stress drops due to cell-wall crushing. Whereas regarding 
the R-2 & R-3, these formulations combine high compressive resistance with extended 
post-peak strain energy absorption, maintaining residual strength up to axial strain larger 
than 11% similar to the crushing plateau of high-density cellular solids. 
 
Under shallow foundations, excessive deformability in EPS subbase layers can cause 
large total and differential settlements prior to stress mobilization. The developed ceramic 
foam mixtures—particularly STD, R-2, and R-3—offer an advantageous middle ground 
that they provide substantially higher initial rigidity to restrict immediate foundation 
settlements at low working strains, while offering sufficient strain ductility to absorb 
energy and prevent sudden failure under overload conditions. 
 
4. NUMERICAL MODELING 
 
To evaluate the engineering performance and settlement mitigation capacity of the 
developed lightweight ceramic foam mixtures under shallow foundation loading, a 
comprehensive two-dimensional finite element analysis (FEA) was conducted using 
PLAXIS 2D (Bentley Systems). 
     4.1 Soil Profile Selection and Justification 
A synthetic, medium-stiff natural soil deposit extending to a total depth of 20 m and a 
lateral width of 40 m was conceptualized in the numerical model. The selection of a 
medium-stiff natural soil profile is deliberate and critical for the study's scope. A highly 
rigid or dense soil layer (e.g., dense sand or stiff rock) would naturally limit foundation 
settlements, masking the mechanical benefits of the subbase layer. On the other hand, 
a medium-stiff deposit allows clear observation of the stress redistribution and settlement 
reduction capacity provided by the ceramic foam mixtures. Extending the model 
geometry to 40 m horizontally (>4B) and 20 m vertically (>4B beneath the foundation) 
ensures that stress contours and plastic zones remain completely unconstrained by 
model boundaries. Groundwater table (GWT) was positioned at the base boundary to 
isolate the pure structural-mechanical interactions (stress–strain, deformation, and 
pseudo-static inertia) from pore water pressure fluctuations and buoyancy effects.  
All domain elements in the finite element model—including both the underlying natural 
soil deposit and the lightweight ceramic foam subbase layers—were modeled using the 
advanced Hardening Soil (HS) constitutive model. The Hardening Soil model is an 
elastoplastic formulation capable of simulating stress-dependent stiffness variations, 
plastic shear hardening, and volumetric compression yield, thereby offering a 
significantly higher level of numerical rigor compared to standard linear-elastic or Mohr-
Coulomb models. The calibrated Hardening Soil parameters for the natural soil layer and 
the four ceramic foam formulations are summarized in Table 4. 
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Table 4. Properties of medium-stiff natural soil deposit 

Parameter Unit Natural Soil R-1 R-2 R-3 STD 

Material Model - HS HS HS HS HS 

Drainage Type - Drained Drained Drained Drained Drained 

E50 MPa 30 295 65 110 180 

Eoed MPa 30 295 65 110 180 

Eur MPa 90 885 195 330 540 

m - 0.5 0 0 0 0 

Effective Cohesion kPa 10 1190 1400 1750 2140 

Effective Friction Angle ∘ 28 1 1 1 1 

Interface Reduction 
Factor - 0.7 0.7 0.7 0.7 0.7 

 
The calibration of the Hardening Soil parameters for the lightweight ceramic foams 
directly reflects the experimental stress–strain characteristics obtained from unconfined 
compressive strength (UCS) tests. The reference secant modulus was determined at 50% 
of the ultimate unconfined compressive strength. Owing to its rapid initial elastic response 
at low strains. In accordance with standard Hardening Soil modelling practice, the 
unloading/reloading modulus was set to 3 times E50. Unlike natural particulate soils 
whose stiffness increases proportionally with confinement depth (m = 0.5), rigid cellular 
ceramic foams exhibit a constant elastic modulus up to their crushing boundary. Thus, 
the stress-dependency exponent was defined as m = 0.0. 
 
     4.2 Numerical Software Framework and Subbase Modeling 
The finite element simulations were carried out using PLAXIS 2D, an industry-standard 
geotechnical software capable of simulating non-linear soil-structure interaction, stage 
construction, and pseudo-static seismic loadings. 
The 0.5 m thick ceramic foam subbase layer was modelled as an embedded replacement 
layer beneath the foundation zone. To capture both linear-elastic stiffness mobilization 
and elastoplastic shear yield, the ceramic foams (R-1, R-2, R-3, STD) were modelled 
Hardening Soil (HS) formulations, calibrated directly from the experimental unconfined 
compressive strength (UCS) tests. 
 

4.3 Parametric Analysis Program and Matrix 
To systematically investigate the performance of the subbase configurations, a multi-
variable parametric study was constructed. The primary variables include: foundation 
widths (B), subbase materials (4 different material tested in the lab.), applied surcharge 
Loads (q), loading regime (3 seismic/static conditions). Combining these parameters 
yields a rigorous numerical matrix comprising 120 distinct FEA simulations. The 
complete analysis program is structured in Table 5. 
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Table 5. Complete FEA Testing Program and Numerical Analysis Matrix 

Foundation 
Width (B) 

Subbase 
Material (0.5 m) 

Applied Vertical Load 
(q, kPa) 

Seismic 
Coefficient (kh) 

B=2.0 m 

Natural Soil, 
R-1, R-2,  
R-3, STD 

50, 100,  
150, 200 

kh=0.00 (Static) 

B=2.0 m kh=0.15 g 

B=2.0 m kh=0.30 g 

B=4.0 m kh=0.00 (Static) 

B=4.0 m kh=0.15 g 

B=4.0 m kh=0.30 g 

 
 
5. NUMERICAL RESULTS AND SYSTEM PERFORMANCE 

The complete set of numerical analysis results, detailing the load-settlement behavior 
and deformation profiles under all defined static and pseudo-static loading conditions for 
both foundation widths (B = 2.0m and B = 4.0 m), is graphically presented in Fig. 6 and 
Fig. 7. These figures serve as the foundational basis for the subsequent comparative 
evaluations. One example screen shot from the analysis presented in Fig. 5. 

 

Fig. 5. One example of FEA simulations (B=2.0 m, STD, 200 kPa and kh=0.3g) 
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     5.1 Settlement Mitigation under Static Loading 
Under purely static conditions, the natural soil exhibits progressive settlements, reaching 
a maximum displacement of 49.9 mm at the ultimate applied stress of q = 200 kPa. The 
introduction of the 0.5 m thick ceramic foam subbase consistently reduces vertical 
displacements across all stress levels. At the maximum working load (200 kPa), the R-1 
formulation demonstrates the highest efficiency, limiting the foundation settlement to 42.4 
mm, which corresponds to a Settlement Reduction Ratio (SRR) of approximately 15%.  

 

Fig. 6. Results of all the cases for B=2.0 m 

The overall performance hierarchy of the subbase materials follows the order of R-1 > 
STD > R-3 > R-2. This structural response perfectly correlates with the calibrated initial 
secant moduli of the materials, where the highly rigid R-1 matrix dictates the lowest 
deformation prior to failure. 
 
     5.2 System Response under Pseudo-Static Seismic Forces 
The introduction of horizontal inertial forces significantly amplifies the foundation 
settlements, a phenomenon particularly evident at lower vertical confining stresses. For 
the unreinforced benchmark profile at q = 50 kPa, increasing kh from 0 to 0.30 causes 
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immediate settlements to spike non-linearly from 9.7 mm to 35.8 mm due to shear-
induced deformations. Despite this severe seismic degradation, the ceramic foam 
subbases maintain their load-distribution integrity. Under the most extreme combined 
loading scenario, the stiff R-1 and STD subbase layers successfully restrict the ultimate 
settlements to 53.7 mm and 54.2 mm, respectively, compared to the 63.0 mm critical 
displacement observed in the unreinforced profile. 
 
     5.2 Scale Effect and Influence of Foundation Width B= 4m 
The expansion of the foundation width from B= 2.0 m to B = 4.0 m introduces a 
pronounced geometric scale effect that significantly alters the overall deformation 
magnitude and the relative efficiency of the ceramic foam subbase. Under static 
conditions at q = 200 kPa, the maximum settlement of the unreinforced natural soil 
increases to 64.7 mm, reflecting the deeper penetration of the induced stress bulb. 

 

Fig. 7. Results of all the cases for B=4.0 m 

 
While the material performance hierarchy remains perfectly consistent with the B = 2.0 
m findings (R-1 > STD > R-3 > R-2), the mitigation efficiency of the subbase layer 
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decreases. For instance, the stiffest formulation, R-1, restricts the ultimate static 
settlement to 60.6 mm, yielding a Settlement Reduction Ratio (SRR) of approximately 
6.3%, a marked reduction from the 15% efficiency observed for the narrower foundation. 
This behavior is geotechnically governed by the subbase thickness-to-foundation width 
ratio (Hf/B). For B = 2.0 m, the 0.5 m thick ceramic foam intercepts a substantial upper 
portion of the critical stress zone (Hf/B = 0.25). On the other hand, for B = 4.0 m Hf/B = 
0.125), the primary stress bulb extends far deeper into the underlying medium-stiff 
natural soil deposit. Consequently, the majority of the cumulative vertical deformation 
originates from the compression of the unreinforced natural soil situated below the 
subbase layer. These findings strongly demonstrate that to maintain optimal settlement 
mitigation efficacy under larger foundation footprints, the thickness of the ceramic foam 
subbase must be proportionately scaled to adequately confine the principal stress zone. 
 
 
6. CONCLUSIONS 
This study presented a holistic investigation into the development, physical-
microstructural characterization, and geotechnical subbase performance of novel waste-
derived ceramic foams. By utilizing industrial filter press cake (FW) and polishing waste 
(PW) from the Seranit Ceramic Factory as eco-friendly replacements for primary raw 
materials (clay and albite), four distinct formulations (STD, R-1, R-2, and R-3) were 
synthesized and evaluated across 120 parametric FEA simulations.  
The principal findings of this interdisciplinary study are concluded as follows: 

• Industrial ceramic wastes (FW and PW) were successfully valorized in equal 
proportions up to 20 wt.% total substitution. Sintering at 1200°C with SiC-based 
foaming agent (0.17–0.19 wt.%) produced ultralight cellular ceramics with bulk 
densities ranging between 0.300 and 0.332 g/cm³. The alkali/Ca content in FW 
facilitated necessary liquid phase formation, while the silica content of PW 

supported glassy phase development, effectively trapping CO/CO₂ gases 

during SiC oxidation. 

• The microstructural evaluation confirmed a predominantly closed-cell morphology 
with spherical pores. Fine-tuning the SiC content proved critical for density and 
wall robustness: in 20 wt.% waste compositions, reducing SiC from 0.19 wt.% (R-
2) to 0.17 wt.% (R-3) limited gas volume, increasing bulk density from 0.300 to 
0.332 g/cm³ due to thicker, less defective cell walls. The R-1 formulation (10 wt.% 
waste) yielded a highly balanced bulk density (0.312 g/cm³) with homogeneous 
pore distribution and strong cell boundaries. 

• The geotechnical efficiency of the subbase layers directly mirrored their 
microstructural rigidity and calibrated secant modulus. R-1 exhibited superior 
structural stiffness, leading the performance hierarchy of R-1 > STD > R-3 > R-2. 

• For a foundation width of B = 2.0 m under maximum working load (q = 200 kPa), 
the 0.5 m thick R-1 subbase limited ultimate vertical settlement from 49.9 mm 
(unreinforced natural soil) to 42.4 mm, achieving a Settlement Reduction Ratio 
(SRR) of approximately 15%. 

• The rigid cellular matrix of the ceramic foam subbases significantly enhanced 
system stability under pseudo-static lateral inertial forces (kh = 0.15 g and 0.30 g). 
Under the most severe loading combination (q = 200 kPa, kh = 0.30 g), the ceramic 
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foam subbase layers mitigated severe shear-induced deformations, keeping total 
settlements below 53.7 mm compared to 63.0 mm in the unreinforced profile, 
thereby preventing bearing capacity failure. 

• Expanding the foundation width to B = 4.0 m decreased the SRR of R-1 to 6.3% 
due to the reduction in the relative subbase thickness ratio (Hf/B decreasing from 
0.25 to 0.125), proving that subbase layer thickness must be scaled with 
foundation footprint to confine the deeper stress bulb. Crucially, unlike standard 
EPS geofoam which undergoes continuous large compression at low stresses, 
the developed ceramic foams provide substantially higher initial structural rigidity 
to prevent early serviceability settlements while retaining energy-absorbing cell-
crushing capacity under overload conditions. 

 
 
While this study provides critical insights into the physical, microstructural, and 
geotechnical performance of waste-derived ceramic foam subbases, certain limitations 
should be acknowledged. The numerical simulations relied on a two-dimensional 
pseudo-static framework with a constant subbase thickness, which simplifies complex 
three-dimensional stress redistribution and full time-history dynamic earthquake 
response. Furthermore, long-term environmental durability—such as freeze-thaw 
resistance, chemical leaching, and cyclic fatigue under repeated traffic loading—was 
beyond the immediate scope of this investigation. Future research should focus on 
performing large-scale physical model box tests and field trials, conducting three-
dimensional full dynamic numerical analyses, and evaluating the long-term cyclic 
degradation and environmental durability of ceramic foam layers under realistic 
operational conditions. 
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