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Abstract: This study investigates the microstructural transition and densification behavior of soil modified by xanthan 

gum (XG) using quantitative scanning electron microscopy (SEM) analysis. Soil specimens were prepared with 0%, 3%, 

6%, and 9% XG content. SEM images were processed using image analysis techniques to determine the solid area fraction 

and characteristic particle size parameters. A densification index was introduced to quantify the ratio between solid and 

pore phases within the observed microstructure. The results reveal a non-monotonic structural evolution with increasing 

polymer content. The solid area fraction reached its maximum at 3%, indicating the most pronounced local densification 

of the particle structure within the analyzed micrographs. At 6%, a reduction in densification was observed, reflecting a 

change in particle packing configuration and the development of a more heterogeneous microstructural arrangement. At 

9%, partial recovery of structural continuity occurred, accompanied by evidence of polymer agglomeration and spatial 

heterogeneity. Based on quantitative metrics and microstructural observations, three structural stages were identified: 

discrete particle stage, bridged stage, and matrix-dominated stage. The findings demonstrate that XG dosage significantly 

influences soil microstructure in a nonlinear manner. This SEM-based approach provides a systematic framework for 

identifying microstructural transitions in biopolymer-modified soils. 

Keywords: xanthan gum, soil stabilization, microstructural transition, scanning electron microscopy, densification index. 

 
1. Introduction 

 

Soil stabilization is widely applied in geotechnical engineering to enhance the mechanical and 

hydraulic performance of problematic soils. Conventional stabilization techniques commonly involve 

cement or lime; however, these additives may significantly increase environmental impact and alter 

soil chemistry. In response to sustainability concerns, polymer-based treatments have attracted 

growing attention as an alternative ground improvement strategy [1]. 

Polymers interact with soil particles primarily through physicochemical mechanisms, 

including surface coating, interparticle bonding, and partial pore filling [2]. These interactions can 

alter particle packing and modify the internal microstructure without forming rigid cementitious 

bonds [3]. The resulting structural changes depend strongly on polymer concentration and distribution 

within the soil matrix. Therefore, quantitative evaluation of microstructural modifications is essential 

for understanding the mechanisms governing polymer-stabilized soils. Natural biopolymers such as 

chitosan, xanthan gum (XG), guar gum, carboxymethylcellulose, alginates, and modified starches, as 

well as their mixed compositions, are used as polymeric soil stabilizers, forming a spatial binding 

matrix in the pore space of the soil [4]. Among various biopolymers, XG has been extensively 

investigated for its ability to enhance soil strength and modify plasticity characteristics. Experimental 

studies [5] demonstrated that XG treatment increases compressive strength and cohesion, with 

performance strongly dependent on polymer dosage and curing conditions. Durability evaluations 
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under cyclic wetting-drying further showed that treated soils generally retain higher residual strength 

than untreated materials, highlighting the practical potential of XG for geotechnical applications. 

The influence of environmental weathering on biopolymer-treated soils has also been 

systematically examined. [6] investigated the effects of cyclic wetting-drying (W-D) and freezing-

thawing (F-T) on strength durability and reported that repeated cycles gradually reduced soil strength 

due to water adsorption and localized dilution of the biopolymer matrix. Poorly graded sands were 

found to be more vulnerable to degradation; however, the presence of 15-25% fines significantly 

improved resistance to weathering. 

Despite progressive strength loss, treated soils maintained sufficient durability under multiple 

W-D and F-T cycles, supporting their suitability for slope reinforcement applications. From a 

mechanistic perspective, XG acts as a biodegradable polysaccharide that interacts with soil particles 

through physicochemical bonding. [3] demonstrated that XG forms rigid matrix-like structures 

between uncharged grains while interacting with charged clay surfaces, thereby enhancing 

interparticle bonding and overall stability. The reinforcement efficiency was shown to be highest in 

well-graded soils containing fine particles and was governed by several key parameters, including 

soil type, moisture content, biopolymer concentration, and mixing method. These findings underline 

the importance of optimizing mixture design to achieve maximum performance. 

Beyond laboratory-scale assessments, the internal erosion resistance of biopolymer-treated 

soils has been evaluated under full-scale embankment conditions. [7] examined the performance of 

soils treated with 1% XG through both laboratory and field-scale simulations. The results indicated 

that 1% XG provided optimal improvements in plasticity and mechanical strength. In full-scale 

seepage tests beneath a box culvert, untreated embankments collapsed within 1,500 s, whereas XG-

treated embankments remained stable up to 2500 s due to enhanced particle bonding, increased 

apparent cohesion, and pore clogging. These outcomes demonstrate that even low biopolymer 

dosages can substantially improve embankment durability. 

The effectiveness of XG has also been confirmed for highly vulnerable dispersive soils. [8] 

evaluated the long-term performance of XG-treated dispersive soils subjected to adverse 

environmental conditions using unconfined compressive strength (UCS) and cyclic wetting-drying 

tests. Significant strength gains were observed, with UCS increasing by 177% and 95% after 360 

days for 2 soil types. After 12 wetting-drying cycles, mass loss values remained below the permissible 

14% limit (9.76% and 7.04%), indicating satisfactory durability. So, although cyclic weathering 

influences strength degradation, XG treatment markedly enhances the long-term stability and erosion 

resistance of dispersive soils. 

Overall, microstructural investigation has become an important approach for understanding 

the mechanisms of soil stabilization. Quantitative analysis of soil microstructure based on SEM 

images is increasingly applied in geotechnical research to characterize particle aggregation, pore 

distribution, and structural densification [9], [10]. Digital image processing tools [11] enable the 

extraction of geometric parameters, including pore area, particle size, and morphological 

characteristics from SEM images, allowing a more detailed interpretation of microstructural changes 

in modified soils. 

In this study, SEM images were processed using ImageJ software to quantitatively evaluate 

the microstructural characteristics of polymer-modified soil. The analysis focuses on parameters 

describing particle arrangement and structural heterogeneity. Special attention is given to the 

evolution of particle packing, characteristic diameters (D10, D50, D90), and structural homogeneity 

under various polymer contents. By linking microstructural metrics with macroscopic behavior, this 

research provides deeper insight into the mechanisms governing polymer-based soil stabilization. 

 
2. Methods 

 

The soil used in this study was collected from the Astana region, Kazakhstan. It was taken 

from the subsurface layer at a depth of approximately 0.5-1.0 m, which corresponds to the typical 



Technobius, 2026, 6(1), 0095  

 

depth of the engineering soil layer involved in shallow foundation systems and earth structures. The 

material was air-dried and prepared for laboratory testing under controlled conditions. The particle 

density of the soil was 2671 kg/m3, with a maximum dry density of 1547 kg/m3 and an optimum 

water content of 9.61% [12]. Particle size distribution analysis indicated that the soil contains 48% 

sand, 21% silt, and 31% clay [13]. Based on its granulometric composition, the tested soil is classified 

as sandy clay loam. The Atterberg limits showed a liquid limit of 19.36% and a plastic limit of 3.17%, 

resulting in a plasticity index of 16.19%, which reflects moderate plasticity behavior. 

XG was selected as the biopolymer additive for soil stabilization in this study. Biopolymer 

solutions of XG were prepared at concentrations of 3%, 6%, and 9% by weight relative to 100 g of 

oven-dried soil (hereinafter referred to as XG3, XG6, XG9). Accordingly, 3 g, 6 g, and 9 g of XG 

were dissolved in distilled water to obtain homogeneous polymer solutions before mixing with the 

soil. The prepared solutions were then thoroughly blended with the dry soil to ensure uniform 

distribution of the biopolymer within the soil matrix. 

Scanning electron microscopy (SEM) observations were performed using a TM4000Plus 

scanning electron microscope (Hitachi High-Tech Corporation, Tokyo, Japan). The analysis was 

carried out under an accelerating voltage of 15 kV in high-vacuum mode using the secondary electron 

detector to observe the surface morphology of the soil samples. 

The preparation process of the sample is presented in Figure 1. 

 

   
Figure 1 – Sample preparation with polymer mixing and SEM image acquisition 

 

 The obtained SEM images served as the foundation for subsequent quantitative image 

analysis. The acquired micrographs were then imported into ImageJ open software (version 1.53, 

National Institutes of Health, Bethesda, MD, USA) for quantitative processing. Each image was 

converted to grayscale and pre-processed using standard noise-reduction and contrast-adjustment 

steps to improve phase separation. Each SEM image was automatically subdivided into 30 equal 

regions (each measuring 213×180 pixels) using a standardized grid-based approach implemented in 

ImageJ. The subdivision was generated programmatically, without manual selection of areas, thereby 

eliminating operator bias and ensuring reproducible spatial sampling across all samples. 

Morphometric analysis was performed independently within each region using the «Analyze 

Particles» function under identical thresholding parameters for all mixtures. Particle size was 

quantified using the major axis diameter of detected particles. Size distribution descriptors (D10, D50, 

and D90) were calculated from the cumulative distribution of measured diameters for each mixture 

(n=30 regions per condition). To quantitatively evaluate microstructural compactness, a densification 

index (DI) was introduced based on the measured solid area fraction obtained from SEM image 

analysis. The densification index was defined as: 

𝐷𝐼 =
𝐴𝐹

1−𝐴𝐹
                                                                 (1) 

Where: AF – denotes the solid area fraction expressed as a decimal value; (1 − AF) – represents the 

corresponding pore fraction. 

 This ratio characterizes the relative predominance of the solid phase over the void phase 

within the analyzed microstructure. The solid area fraction (AF) was determined from segmented 

SEM images using ImageJ software and represents the proportion of the image occupied by soil 

particles. AF was calculated as: 
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𝐴𝐹 =
𝐴𝑠𝑜𝑖𝑙𝑑

𝐴𝑡𝑜𝑡𝑎𝑙
                                                                   (2) 

Where: Asolid – represents the total projected area of the solid particles identified within the segmented 

SEM image; Atotal – denotes the total area of the analyzed field of view. 

After grayscale conversion and threshold-based segmentation, binary images were generated 

to distinguish the solid particle phase from the pore phase. The total analyzed image area (Atotal) was 

obtained directly from the image dimensions. This parameter represents the proportion of the 

microstructural field occupied by the solid phase and serves as a two-dimensional approximation of 

packing density. A higher DI value indicates that the solid phase occupies a larger proportion of the 

observed section compared to pores, suggesting a denser particle arrangement. Conversely, lower DI 

values reflect increased void space and a more open structural configuration. 

For each mixture, particle size measurements obtained from the segmented SEM images were 

statistically processed. The standard deviation (STDV) was calculated to assess the absolute 

dispersion of particle diameters, while the coefficient of variation (CV) was determined to evaluate 

the relative heterogeneity of the microstructure. The CV was computed as the ratio of the standard 

deviation to the mean particle diameter, allowing comparison between compositions with different 

average particle sizes. All calculations were performed using data extracted from 30 uniformly 

subdivided image segments. 

 
3. Results and Discussion 

 

SEM micrographs reveal distinct differences in particle arrangement with increasing XG 

content (Figure 1). The untreated soil exhibits a loose configuration characterized by visible 

interparticle voids and limited bonding between grains. 

 

  
a) XG3 b) XG6 

  
c) XG9 d) Unmodified soil 

Figure 1 –  SEM images of modified soil 
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At 3% polymer content, a more interconnected structure is observed, with evidence of particle 

clustering and reduced visible pore space. The 6% sample shows irregular particle distribution with 

localized dense regions separated by relatively open areas. At 9%, the microstructure appears more 

heterogeneous, with clustered particle domains and regions of enlarged voids. These visual 

differences suggest progressive structural modification associated with polymer incorporation. 

Binary representations of the SEM images demonstrate clear separation between the solid 

particle phase and pore spaces across all compositions (Figure 2). 

 

  
a) XG3 b) XG6 

  
c) XG9 d) Unmodified soil 

Figure 2 –  Binary representations of the SEM images of modified soil 

 

In untreated conditions, dark regions corresponding to voids are more widely distributed 

throughout the microstructural field. The segmented images provide the basis for quantitative area-

based evaluation. 

Table 1 presents the microstructural size distribution parameters for untreated and XG-

modified soil samples at different polymer contents. The characteristic diameters D10, D50, and D90 

reflect the statistical distribution of particle assemblies observed within the SEM field of view. 

 

Table 1 – Microstructural size parameters obtained from SEM image analysis 

Polymer content, % n D10, µm D50, µm D90, µm 

0 30 1.925 7.435 8.480 

3 30 4.716 7.066 8.605 

6 30 4.786 7.326 9.229 

9 30 1.770 6.033 8.858 

 

Progressive variation in these parameters indicates that polymer incorporation alters the 

spatial arrangement of soil particles. In particular, the increase in D50 values with increasing XG 

content changes the representative structural scale of particle clusters. The differences between D10 
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and D90 demonstrate shifts in distribution breadth across the tested compositions. These parameters 

provide a quantitative basis for assessing microstructural modification induced by polymer treatment. 

Table 2 summarizes the area-based structural metrics for untreated and XG-modified soil 

samples. 

 

Table 2 – Derived densification metrics based on SEM area measurements 

Polymer content, % AF DI 

0 0.479 0.92 

3 0.575 1.36 

6 0.392 0.65 

9 0.487 0.95 

 

The solid area fraction (AF) increased from 0.479 in the untreated soil to 0.575 at 3% polymer 

content, indicating enhanced structural densification at this concentration. This composition exhibited 

the highest compactness among the tested mixtures. 

At 6% polymer content, AF decreased significantly to 0.392, suggesting the formation of 

additional voids or structural heterogeneity, possibly due to polymer over-saturation. At 9%, the solid 

fraction partially recovered to 0.487, approaching the value of the untreated soil, which indicates 

partial structural reorganization rather than further densification (Figure 3). 

 

 
Figure 3 –  Variation of densification index with XG content 

 

A similar trend was observed for the densification index. The DI reached its maximum value 

of 1.36 at 3%, decreased substantially to 0.65 at 6%, and increased again to 9%, although it remained 

below the peak level. These results indicate a non-linear variation in the solid-to-void relationship 

with increasing XG dosage. Based on the calculated densification index (DI) values, four structural 

conditions can be distinguished. The untreated soil (DI = 0.92) represents a discrete particle 

arrangement characterized by a baseline solid-to-void ratio. A polymer content of 3% (DI = 1.36) 

produces the most compact structural state, indicating enhanced particle bridging and improved 

packing efficiency. Increasing the polymer content to 6% leads to a pronounced reduction in the 

densification index (DI = 0.65), suggesting decreased structural compactness and possible formation 

of additional voids due to over-saturation or local agglomeration effects. Further increase to 9% 

results in partial recovery of DI (0.95), approaching the untreated condition. This behavior reflects 

structural reorganization rather than progressive densification and is consistent with the 

microstructural heterogeneity observed in SEM images. The statistical dispersion analysis revealed 

distinct differences in structural variability among the tested polymer contents (Figure 4). 
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Figure 4 – Variation of particle size dispersion parameters as a function of polymer content 

 

The untreated soil exhibited a standard deviation of 2.523, representing the baseline level of 

particle size dispersion. The addition of 3% polymer reduced the standard deviation to 1.911, 

indicating partial structural stabilization. The lowest variability was observed at 6% polymer content 

(SD = 1.656; CV = 0.230), suggesting the highest degree of microstructural uniformity among the 

investigated compositions. In contrast, the 9% condition demonstrated a marked increase in 

dispersion (SD = 2.696), accompanied by the highest coefficient of variation, reflecting structural 

heterogeneity at elevated polymer dosage. 

These results indicate that maximum densification does not necessarily coincide with 

maximum structural homogeneity. While 3% polymer content yielded the highest compactness 

according to the densification index, the 6% mixture exhibited the most uniform particle distribution, 

as reflected by the lowest variability. This suggests that increasing polymer concentration affects not 

only the degree of particle packing but also the spatial organization of particle assemblies. 

The observed microstructural evolution is consistent with trends reported in previous studies 

on XG-treated soils [14]. Earlier investigations have shown that the improvement of soil properties 

with increasing XG dosage tends to stabilize after reaching an optimal concentration. For example, 

studies on silty soils [15] reported that the UCS increased with polymer content but eventually 

approached a stable state at an optimal dosage of approximately 2%. SEM observations in those 

studies indicated that XG forms a gel-like matrix that fills pore spaces and enhances the compactness 

and integrity of the soil structure. These findings are consistent with the present results, where the 

highest densification was observed at moderate polymer dosage. 

In the present study, the formulation of the densification index follows the fundamental 

concept of solid-void relationships commonly used in soil mechanics, adapted here to a two-

dimensional SEM-based framework to enable consistent comparison between samples with different 

polymer contents. 

It should be noted that the present study is limited to SEM-based microstructural evaluation. 

Therefore, the findings are confined to structural characterization at the microscale. The results 

contribute to a clearer understanding of dosage-dependent structural transitions in XG-modified soils 

and provide a quantitative framework for future studies integrating mechanical testing and durability 

assessment. 

Beyond their geotechnical relevance, the obtained results may also support educational 

applications within digital learning environments. The quantified microstructural transitions 

identified in this study can be integrated into a soil mechanics module of an educational digital 

platform, enabling students to explore the relationship between polymer dosage and structural 
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configuration. The combination of SEM visualization and area-based quantitative metrics provides 

an effective framework for developing interactive simulation scenarios. Such simulations may allow 

users to compare untreated and polymer-modified soils, analyze phase distribution patterns, and 

interpret densification behavior based on measurable parameters. 

 
4. Conclusions 

 

The results demonstrate that polymer dosage significantly influences the internal structure of 

the soil, leading to a dosage-dependent microstructural evolution. The main findings can be 

summarized as follows: 

1. The untreated soil exhibited a dispersed particle arrangement with clearly distinguishable 

voids between individual grains. The addition of xanthan gum gradually modified the soil fabric, 

promoting particle association and altering the connectivity of pore spaces. 

2. Binary segmentation analysis revealed distinct changes in the spatial distribution of solid 

and void phases. Compared with the untreated soil, polymer-treated samples showed increased 

interaction between soil particles and the biopolymer matrix, although the spatial organization of 

solid regions varied depending on polymer concentration. 

3. Quantitative evaluation of the image-derived parameters indicated a non-linear response of 

microstructural characteristics to increasing polymer content. Variations in the densification index 

and phase distribution suggest that different polymer concentrations influence both particles packing 

and the spatial arrangement of particle clusters. 

The results indicate that xanthan gum addition alters both the degree of particle aggregation 

and the structural organization of the soil matrix. These findings highlight that microstructural 

densification and structural uniformity may develop differently depending on polymer dosage. 
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Abstract. This paper presents a refined analytical theory for the bending and free vibration analysis of functionally 

graded (FG) beams accounting for transverse shear deformation. The material properties are assumed to vary 

continuously through the thickness according to a power-law distribution. Based on the adopted kinematic assumptions, 

the governing differential equations and effective stiffness relations are derived for both static and dynamic problems. 

Analytical solutions for the static bending of an FG beam under a uniformly distributed load and for the natural 

frequencies of free vibrations are obtained. A parametric study is performed to evaluate the influence of the material 

gradient index 𝑝 and the beam slenderness ratio 𝑙/h. The results show that the dimensionless mid-span deflection 

increases from 6.2586 to 9.6986 when the gradient index changes from 𝑝 = 1 to 𝑝 = 5 for 𝑙/ℎ = 5. The corresponding 

dimensionless natural frequency decreases from 3.9710 to 3.4025. Comparisons with the Timoshenko beam theory, 

Reddy’s higher-order theory, and other refined models demonstrate very good agreement, with differences typically not 

exceeding 3-5%. The proposed formulation provides a realistic distribution of transverse shear stresses and converges to 

classical beam solutions for slender beams. The developed model can be effectively applied in the analysis and design 

of engineering structures made of functionally graded materials. 

Keywords: functionally graded beam, shear deformation theory, static bending analysis, free vibration analysis, 

transverse shear stress, refined beam theory.  

 
1. Introduction 

 

Functionally graded materials (FGMs) constitute a class of composite materials 

characterized by a continuous variation of mechanical properties according to a prescribed 

distribution law, most commonly through the thickness of a structural element. In contrast to 

conventional laminated composites, which are characterized by distinct phase interfaces, FGMs 

provide a smooth variation of constituent volume fractions, thereby significantly reducing stress 

concentrations and eliminating the risk of delamination. Among various types of FGMs, metal-

ceramic systems are the most widely employed, combining the high thermal resistance of the 

ceramic phase with the ductility and toughness of the metallic component [1]. 

The increasing implementation of functionally graded beams and plates in aerospace, 

energy, and civil engineering applications has created a strong demand for reliable theoretical 

models capable of accurately describing their static and dynamic behavior. Although exact solutions 

based on two-dimensional elasticity theory provide high accuracy, they are associated with 

substantial mathematical complexity and computational cost. Consequently, approximate beam 

theories have gained widespread application for practical analysis [2].  

The classical Euler-Bernoulli beam theory (CBT) neglects transverse shear deformation and 

assumes that cross-sections remain plane and perpendicular to the neutral axis after deformation. As 

a result, this theory is generally applicable only to slender beams. To overcome this limitation, 
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Timoshenko beam theory incorporates transverse shear deformation and allows independent 

rotation of the cross-sections. However, it assumes a constant shear strain distribution through the 

beam thickness and therefore requires the introduction of a shear correction factor to accurately 

predict transverse shear stresses [3]. To overcome these limitations, refined and higher-order shear 

deformation theories have been extensively developed in recent years. 

A considerable amount of research has been devoted to the development of refined 

analytical and numerical models for the bending, buckling, and vibration analysis of functionally 

graded beams. The theoretical foundations of many higher-order structural models originate from 

the well-known higher-order shear deformation theory proposed by Reddy for laminated composite 

plates [4]. In this theory, a higher-order polynomial distribution of transverse shear strains through 

the thickness is assumed, which allows a more realistic representation of shear effects and 

automatically satisfies the zero transverse shear stress conditions on the top and bottom surfaces 

without the need for a shear correction factor. Later studies extended these concepts to structures 

with continuously varying material properties. 

An exact elasticity solution for functionally graded beams was presented in [5], where the 

influence of material gradation on stress distribution and displacement fields was examined in 

detail. The free vibration characteristics of simply supported functionally graded (FG) beams were 

investigated in [6], demonstrating that the gradient index of material properties plays a significant 

role in determining the natural frequencies. 

Further developments in the literature introduced refined beam formulations capable of 

accurately capturing shear deformation effects. A refined shear deformation theory suitable for the 

static and vibration analysis of FG beams was developed in [7], showing that reliable results can be 

obtained without employing shear correction factors. The applicability of this approach was later 

extended to sandwich configurations through a finite element formulation proposed in [8], which 

enabled the vibration and buckling behavior of functionally graded sandwich beams to be 

investigated. 

Alternative numerical formulations were also proposed. For instance, a finite element model 

based on the first-order shear deformation theory was formulated in [9] to study the vibration and 

buckling responses of FG beams, highlighting the importance of shear deformation in structural 

analysis. An efficient deformation-based finite element approach for bending analysis was 

subsequently introduced in [10], providing accurate predictions with improved computational 

efficiency. 

In parallel with these developments, several refined beam theories employing special forms 

of displacement fields have been proposed. A trigonometric shear deformation model introduced by 

Touratier in [11] provided an efficient representation of transverse shear deformation and became a 

basis for many subsequent refined theories. In this model, the transverse shear strain distribution 

through the thickness is described using a sinusoidal function, which allows a more realistic 

representation of shear effects compared with lower-order theories. An important advantage of this 

formulation is that the zero transverse shear stress condition on the top and bottom surfaces of the 

beam is satisfied automatically without requiring a shear correction factor. Later studies 

incorporated both shear and normal deformation effects in the modeling of FG beams. Such an 

approach was presented in [12], where a simplified theory accounting for transverse shear and 

normal strains was proposed. 

Higher-order kinematic descriptions were further explored through the development of a 

fifth-order shear and normal deformation theory for power-law FG beams, which improved the 

prediction accuracy for bending and buckling responses [13]. Hyperbolic shear deformation 

functions were later employed for the analysis of FG beams subjected to bending, buckling, and 

free vibration [14]. A new higher-order shear deformation model suitable for functionally graded 

sandwich beams was proposed in [15], demonstrating good agreement with existing analytical and 

numerical solutions. More recently, refined hyperbolic shear deformation formulations have also 

been extended to the analysis of nonlocal functionally graded nanobeams [16]. 
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Additional studies have focused on the development of Navier type analytical solutions for 

the static bending and free vibration analysis of functionally graded beams [17], as well as on the 

formulation of new refined finite element models [18]. In reference [19], Hadji et al. investigated 

the static and dynamic behavior of functionally graded beams using higher-order shear deformation 

theories under various boundary conditions. Their formulation accounts for the variation of material 

properties through the beam thickness and provides improved predictions of deflections, stresses, 

and natural frequencies compared with classical beam theories. The results demonstrated that 

higher-order shear deformation models are particularly effective for analyzing moderately thick 

functionally graded beams. 

Despite the substantial body of published research, most existing approaches are primarily 

oriented either toward numerical implementation or toward specific boundary conditions. In 

addition, static and dynamic analyses are often formulated within different theoretical frameworks, 

which prevent the use of a unified mathematical basis and complicate the execution of consistent 

parametric studies. 

In this context, the development of a unified refined analytical formulation is of particular 

relevance, enabling the investigation of both static bending and free vibration of functionally graded 

beams with continuously varying properties through the thickness within a single theoretical 

framework. Such an approach ensures consistency between stiffness and inertial characteristics and 

makes it possible to evaluate the influence of the material gradient law on deflections and natural 

frequencies. 

In the present study, a refined analytical formulation is developed for the problem of static 

bending and free vibration of functionally graded beams. The material properties are assumed to 

vary through the thickness according to a power-law distribution. The governing differential 

equations are derived, analytical expressions for deflections and natural frequencies are obtained, 

and a parametric analysis is performed to assess the influence of the material gradient index and the 

geometric characteristics of the beam on its structural response. 

 
2. Methods 

 

A functionally graded beam of length l with a rectangular cross-section b×h is considered, 

where b denotes the width and h the thickness of the beam. The geometry of the structure and the 

adopted coordinate system are shown in Figure 1. The coordinate axes x1 and x3 are oriented along 

the longitudinal and thickness directions of the beam, respectively. The beam is considered in the 

domain: 0 ≤ х1 ≤ 𝑙;  −
ℎ

2
≤ 𝑥3 ≤

ℎ

2
. 

 

 
Figure 1 – Computational model of the functionally graded beam and the adopted coordinate system 

 

The cross-section of the beam is assumed to remain constant along its length and to retain a 

rectangular shape. For the purpose of simplifying the subsequent mathematical derivations, the 

beam width may be taken as unity (b = 1), which does not reduce the generality of the obtained 

results. 

It is assumed that the mechanical properties of the material vary continuously through the 

thickness in the x3 direction according to a power-law distribution, corresponding to the class of 

power-law functionally graded materials (P-FGM) [20]: 
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E(𝑥3) = 𝐸𝑚 + (𝐸𝑐 − 𝐸𝑚) (
1

2
+

𝑥3

ℎ
)

p

,    𝜌(𝑥3) = 𝜌𝑚 + (𝜌𝑐 − 𝜌𝑚) (
1

2
+

𝑥3

ℎ
)

p

,   p ≥ 0,  (1) 

where: p – denotes the material gradient index; Em and Ec – represent the Young’s moduli of the 

metallic and ceramic constituents; ρm and ρc – correspond to the mass densities of the metallic and 

ceramic phases, respectively.  

The shear modulus is defined as: 

 𝐺(𝑥3) =
E(𝑥3)

2(1+𝜈)
  (2) 

Within the framework of the present refined shear deformation theory, the displacement 

field is assumed in a general form based on the kinematic assumptions of higher-order beam 

theories [21]: 

 𝑈1(𝑥1, 𝑥3) = 𝜙(𝑥3)𝜃(𝑥1),      𝜃(𝑥1) = −
𝑑𝑊0

𝑑𝑥1
  (3) 

 𝑈3(𝑥1, 𝑥3) = 𝑓(𝑥3)𝑊(𝑥1),     𝑊(𝑥1) = 𝑊0(𝑥1) −
𝐷𝐹𝐺

𝐴𝐹𝐺

𝑑2𝑊0

𝑑𝑥1
2   (4) 

The thickness-wise distribution functions are expressed as follows [21]: 

 𝜙(𝑥3) = h (
3

2

𝑥3

h
− 2

𝑥3
3

h3) , 𝑓(𝑥3) =
3

2
− 6

𝑥3
2

h2  (5) 

For the selected functions, the following condition is satisfied, which ensures a physically 

consistent distribution of transverse shear strains across the thickness. 

 
𝑑𝜙(𝑥3)

𝑑𝑥3
= 𝑓(𝑥3)  (6) 

The function φ(x3) describes the distribution of axial displacements through the beam thickness, 

while the function f(x3) governs the distribution of transverse shear deformation. In the proposed 

model these functions are related by Eq. (6), which ensures the kinematic consistency of the 

formulation. Moreover, the adopted form of f(x3) automatically satisfies the zero transverse shear 

stress condition at the top and bottom surfaces of the beam. 

The longitudinal strain is defined as follows: 

 𝜀1 =
𝜕𝑈1

𝜕𝑥1
= 𝜙(𝑥3)

𝑑𝜃

𝑑𝑥1
= −𝜙(𝑥3)

𝑑2𝑊0

𝑑𝑥1
2   (7) 

The transverse shear strain, taking into account the adopted assumptions, is expressed as 

follows [3]: 

 𝛾13 =
𝜕𝑈1

𝜕𝑥3
+

𝜕𝑈3

𝜕𝑥1
  (8) 

Taking into account relations (3) and (4), we obtain: 

 𝛾13 = −𝑓(𝑥3)
𝐷𝐹𝐺

𝐴𝐹𝐺

𝑑3𝑊0

𝑑𝑥1
3   (9) 

The stress components are determined according to Hooke’s law: 

 1=E(x3)1,   13=G(x3)13                                                    (10) 

Substituting expressions (7) and (9), we obtain: 

 𝜎1(𝑥1, 𝑥3) = −𝐸(𝑥3)𝜙(𝑥3)
𝑑2𝑊0

𝑑𝑥1
2 ,     𝜏13(𝑥1, 𝑥3) = −𝐺(𝑥3)𝑓(𝑥3)

𝐷𝐹𝐺

𝐴𝐹𝐺

𝑑3𝑊0

𝑑𝑥1
3    (11) 

The bending moment, taking into account relation Eq. (11), is determined as follows: 

𝑀 = −
𝑑2𝑊0

𝑑𝑥1
2 ∫ 𝐸(𝑥3)𝜙(𝑥3)𝑥3𝑑𝑥3

ℎ
2

−
ℎ
2

 

The effective bending stiffness of the FG beam is defined as: 

 𝐷𝐹𝐺 = ∫ 𝐸(𝑥3)𝜙(𝑥3)𝑥3𝑑𝑥3

ℎ

2

−
ℎ

2

  (12) 

Then: 

 𝑀 = −𝐷𝐹𝐺
𝑑2𝑊0

𝑑𝑥1
2   (13) 

The transverse shear force, after substituting relation Eq. (11), is expressed as: 
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𝑄 = −
𝐷𝐹𝐺

𝐴𝐹𝐺

𝑑3𝑊0

𝑑𝑥1
3 ∫ 𝐺(𝑥3)𝑓(𝑥3)𝑑𝑥3

ℎ

2

−
ℎ

2

  

The effective shear stiffness is introduced as follows: 

 𝐴𝐹𝐺 = ∫ 𝐺(𝑥3)𝑓2(𝑥)𝑑𝑥3

ℎ

2

−
ℎ

2

  (14) 

Then: 

 𝑄 = −𝐷𝐹𝐺
𝑑3𝑊0

𝑑𝑥1
3   (15) 

The governing differential equation for the static bending of the functionally graded beam 

takes the form: 

 𝐷𝐹𝐺
𝑑4𝑊0

𝑑𝑥1
4 = 𝑞(𝑥1)  (16) 

Free vibrations are governed by the equation: 

 𝐷𝐹𝐺
𝑑4𝑊0

𝑑𝑥1
4 − 𝑚𝐹𝐺𝜔2𝑊0 = 0  (17) 

 𝑚𝐹𝐺 = ∫  𝜌(𝑥3)𝑑𝑥3

ℎ

2

−
ℎ

2

  (18) 

To verify the validity of the developed formulation and to assess its physical capabilities, a 

numerical analysis is carried out. The numerical analysis was performed using the derived 

analytical expressions implemented in Mathcad 15.0 (Parametric Technology Corporation, 

Needham, MA, USA) [22]. Problems of static bending and free vibration of functionally graded 

beams are considered, and the obtained results are compared with those predicted by established 

refined beam theories. Such a comparison makes it possible to confirm the accuracy and stability of 

the proposed model. 

In the present study, the bending and free vibration behavior of FG beams with a rectangular 

cross-section is investigated. The beam has length l, thickness h, and unit width (b = 1). The 

geometry and coordinate system are defined such that the longitudinal axis coincides with the х1 

coordinate, while the x3 axis is directed through the thickness of the beam. The beam is assumed to 

be simply supported at both ends (S-S boundary conditions). 

The beam is composed of a metal-ceramic functionally graded material: Ceramic phase: 

alumina (Ec = 380 GPa, ν = 0.3), metallic phase: aluminum (Em = 70 GPa, ν = 0.3), the mass density 

of the metal is ρm = 2700 kg/m3, and the mass density of the ceramic is ρc = 3960 kg/m3. 

For convenience, the following dimensionless forms are introduced: 

– Transverse displacement: 𝑊 = 100
Emℎ3

q0𝑙4 𝑊 (
𝑙

2
, 0); 

– Axial stress: 𝜎1 =
h

q0𝑙
𝜎1 (

𝑙

2
,

ℎ

2
); 

– Transverse shear stress: 𝜏13 =
h

q0𝑙
 𝜏13 (0,0); 

– Dimensionless natural frequency: 𝜔 =
𝜔𝑙2

ℎ
√

𝜌𝑚

𝐸𝑚
. 

 
3. Results and Discussion 

 

Using the developed analytical model, numerical results are obtained for the analysis of 

bending and free vibration of functionally graded beams. Particular attention is devoted to 

examining the influence of the material gradient index, beam slenderness ratio, and transverse shear 

effects on the stress-strain state of FG beams. To evaluate the performance of the proposed 

formulation, the calculated deflections, stress distributions, and free vibration characteristics are 

presented in Tables 1-2 and Figures 2-6. 
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Table 1 – Comparison of dimensionless deflections and stresses of functionally graded beams 

subjected to uniformly distributed loads for various values of the power-law gradient index 
𝑝 Theory 𝑙/h = 5 𝑙/h = 20 

𝑊 𝜎1 𝜏13 𝑊 𝜎1 𝜏13 

1 Present 6.2586 5.8077 0.7187 5.7292 22.9038 0.7259 

Hadji et al. 6.1805 6.0709 0.7883 5.6965 24.0095 0.7890 

Reddy 6.2594 5.8836 0.7330 5.5685 23.2051 0.7432 

Touratier 6.2586 5.8892 0.7549 5.8049 23.2067 0.7686 

CBT 5.7746 5.7959 - 5.7746 23.1834 - 

5 Present 9.6986 8.0059 0.5786 8.7031 31.3997 0.5863 

Hadji et al. 9.6933 8.3581 0.6523 8.6182 32.8183 0.6540 

Reddy 9.8281 8.1104 0.5904 8.8182 31.8127 0.6013 

Touratier 9.8367 8.1222 0.6155 8.8188 31.8159 0.6292 

CBT 8.7508 7.9428 - 8.7508 31.7711 - 

 

Table 2 – Dimensionless numerical results for the free vibration of a simply supported (S-S) FG 

beam: comparison of the present model with Timoshenko and Reddy-type theories 

𝑝 Theory 
𝑙/h = 5 𝑙/h = 20 

ω ω 

1 

Present (HOBT) 3.9710 4.2038 

Present (FOBT) 3.9710 4.2038 

Timoshenko 3.9902 4.2050 

Reddy 3.9904 4.2050 

5 

Present (HOBT) 3.3740 3.6460 

Present (FOBT) 3.4025 3.6490 

Timoshenko 3.4312 3.6508 

Reddy 3.4012 3.6484 

 

In the present study, the functionally graded beam is assumed to be composed of a metal and 

a ceramic phase. Following commonly used FG material models in the literature, aluminum is 

considered as the metal phase and alumina (Al2O3) as the ceramic phase, and Poisson’s ratio is 

assumed to be constant through the thickness with ν = 0.3. 

For the purpose of comparison with existing beam theories, the deflection, normal stress, 

transverse shear stress, and natural frequency are presented in dimensionless form. Therefore, the 

normalized quantities 𝑊, 𝜎1, 𝜏13 and ω are used to eliminate the influence of geometric parameters 

and loading conditions and to ensure a consistent comparison between different theories. 

 

 
Figure 2 – Comparison of the normalized mid-span deflection obtained by different beam theories 
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Figure 3 – Comparison of the convergence of transverse shear stresses obtained using refined 

theories for functionally graded beams 

 

 
Figure 4 – Through-thickness distribution of transverse shear stresses (𝑝 = 1) 

 

 
Figure 5 – Through-thickness distribution of transverse shear stresses (𝑝 = 5) 
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Figure 6 – Free vibration (S-S) comparison of the fundamental frequency: HOBT – Higher order 

beam theory; FOBT – First order beam theory. 

 

The numerical results presented in Tables 1-2 and Figures 2-6 demonstrate that the proposed 

formulation provides stable predictions for both the static and dynamic behavior of functionally 

graded beams. The obtained results show good agreement with well-established refined beam 

theories reported in the literature, including the models of Timoshenko [3], Reddy [4], and 

Touratier [11]. This agreement confirms that the adopted kinematic assumptions and the derived 

governing equations are physically reasonable and mathematically consistent. 

The parameter 𝑝 used in Figures 2-6 represents the material gradation index, which 

describes the variation of material properties through the thickness of the functionally graded beam 

according to a power-law distribution. In particular, the parameter 𝑝 controls the relative volume 

fractions of the metal and ceramic phases in the material. When 𝑝 = 0, the material corresponds to a 

fully ceramic beam, whereas increasing values of 𝑝 lead to a gradual increase in the metallic phase. 
The value 𝑝 = 1 corresponds to an approximately linear variation of material properties, while 𝑝 = 5 

represents a more pronounced material gradation. 

The bending analysis indicates that the main parameters of the stress-strain state, such as 

transverse deflection, normal stresses, and transverse shear stresses, are strongly affected by the 

beam slenderness ratio 𝑙/ℎ. According to the values presented in Table 1, the discrepancies between 

the considered beam theories are more noticeable for relatively thick beams with 𝑙/ℎ = 5. This 

behavior can be explained by the significant influence of transverse shear deformation in 

moderately thick structures. Similar conclusions were reported in earlier studies on functionally 

graded beams, where refined shear deformation theories were shown to provide more accurate 

predictions for thick beams [2], [4]. 

Figures 2 and 3 illustrate the influence of the slenderness ratio on the bending response of 

the beam. As the ratio 𝑙/ℎ increases, the predictions of different beam theories gradually converge. 

This tendency corresponds to the classical asymptotic transition toward the Euler-Bernoulli beam 

theory, which becomes accurate for slender beams where transverse shear effects are negligible. A 

similar convergence behavior has also been reported in previous analytical studies of FG beams [2]. 

The distribution of transverse shear stresses through the beam thickness is presented in 

Figures 4-5. In contrast to classical beam models, where the shear stress profile depends only on 

geometric shape functions, the proposed formulation explicitly accounts for the variation of the 

material properties through the thickness. As a result, the transverse shear stress 𝜏13 becomes 

dependent on the material gradation. When the gradient index 𝑝 increases, the stress distribution 

becomes asymmetric and the location of the maximum stress shifts toward the stiffer region of the 
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cross-section. Similar asymmetric stress distributions were reported in elasticity-based solutions for 

functionally graded beams [6]. 

The results of the free vibration analysis presented in Table 2 and Figure 6 confirm the 

correctness of the dynamic formulation. The obtained dimensionless natural frequencies show good 

agreement with those predicted by refined beam theories, including the Timoshenko model [3] and 

higher-order theories such as the formulation proposed by Reddy [4]. The differences between the 

models are more noticeable for thick beams, while for slender beams (𝑙/ℎ = 20), the results 

practically coincide. This behavior indicates that the proposed model correctly reproduces the 

transition to the classical thin-beam solution. 

The influence of the material gradient index 𝑝 is clearly observed in both static and dynamic 

responses of the beam. An increase in the value of 𝑝 leads to a reduction in the effective bending 

stiffness and modifies the mass distribution through the thickness. Consequently, larger deflections 

and lower natural frequencies are obtained. This trend is consistent with the physical characteristics 

of functionally graded materials and agrees with the conclusions of previous investigations of FG 

beam behavior [2], [19]. 

Overall, the comparison of tabulated data and graphical results demonstrates that the 

proposed theory provides an energetically consistent description of the behavior of functionally 

graded beams. The model adequately accounts for transverse shear deformation effects, thickness-

wise variation of mechanical properties, and geometric parameters without resorting to empirical 

correction factors. As a result, it achieves a balance between the computational efficiency of one-

dimensional beam models and a level of physical fidelity approaching that of three-dimensional 

elasticity solutions, making the proposed approach a promising tool for the engineering analysis of 

advanced functionally graded structures. 

From a practical engineering perspective, the obtained results can be useful for the analysis 

and design of structural elements made of functionally graded materials in civil engineering 

applications. Functionally graded beams may be used in modern building structures, bridge 

elements, layered structural members, and advanced composite components where gradual variation 

of material properties improves structural performance. The presented analytical formulation allows 

engineers to estimate deflections, stresses, and natural frequencies of such elements with sufficient 

accuracy. This information is important for evaluating structural stiffness, strength, and vibration 

resistance of load-bearing components in building structures. 

 
4. Conclusions 

 

In the present study, a refined analytical formulation has been developed for the bending and 

free vibration analysis of functionally graded beams, taking into account transverse shear 

deformation effects. The material properties are assumed to vary continuously through the beam 

thickness according to a power-law distribution, allowing a realistic representation of the 

inhomogeneous structure of FG materials. 

The main findings of the study can be summarized as follows: 

1. A unified analytical formulation has been established that allows the description of both 

static bending and free vibration of functionally graded beams within a consistent mechanical 

framework. 

2. The obtained numerical results demonstrate good agreement with well-known refined 

beam theories, including the models of Timoshenko, Reddy, etc., confirming the accuracy and 

reliability of the proposed formulation. 

3. The results show correct asymptotic convergence with increasing beam slenderness ratio 

𝑙/ℎ, indicating the mathematical consistency of the model and its compatibility with the classical 

thin-beam theory. 

4. The developed formulation provides an explicit analytical representation of the transverse 

shear stresses 13(x3), which depend on the thickness-wise variation of the shear modulus G(x3). 
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This feature allows the model to capture asymmetric stress distributions typical for functionally 

graded materials. 

5. The influence of the material gradient index 𝑝 on both static and dynamic responses has 

been demonstrated. Increasing the value of 𝑝 leads to a redistribution of stiffness and mass along 

the beam thickness, which results in larger deflections and lower natural frequencies. 

6. The dynamic behavior of the FG beam is governed by the relationship 𝜔𝑛 ∼ √
𝐷𝐹𝐺

𝑚𝐹𝐺
, 

emphasizing the importance of simultaneously accounting for the spatial variation of both stiffness 

and inertial properties. 

Overall, the proposed formulation represents an efficient analytical tool for the study of 

functionally graded beams. Due to its relatively simple analytical structure and physically consistent 

predictions, the model can be applied to the analysis and design of advanced structural elements 

made of functionally graded and composite materials. The formulation can also be extended to 

problems involving elastic foundations, stability analysis, and structural dynamics of more complex 

engineering systems. 
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Abstract. Three-dimensional subsurface mapping is increasingly used to turn ground investigation evidence into 

continuous 3D models of soil layers and geotechnical properties that support decisions in ground characterization. This 

review summarizes the current state of 3D mapping for geotechnical purposes using a citation-guided selection based on 

Litmaps, resulting in a curated set of 27 studies. The literature is organized into a taxonomy aligned with the Litmaps 

clustering and grouped into six approach families: implicit or potential-field structural modeling, voxel models and voxel 

workflows, uncertainty-oriented stochastic and inversion or segmentation approaches, automation and urban-scale 

pipelines, geophysics-driven 3D modeling, and interoperability and engineering delivery. The comparative analysis 

shows that practical outcomes depend not only on the final model type but also on workflow design, including data 

harmonization, modeling rules, and update procedures. Credibility depends on validation methods matched to the target 

variable and on uncertainty outputs that show where the model is strongly supported by data and where it relies on 

extrapolation. The review also highlights model comparability as a key operational issue, since mismatches between 

neighboring models can arise from inconsistent conceptual rules, discretization differences, uneven data density, and 

asymmetric auxiliary constraints. The paper concludes with an applicability framework, including a decision flow and 

compact criteria, to guide selection, evaluation, and reporting of decision-grade 3D subsurface mapping products for 

geotechnical ground characterization. 

Keywords: 3D subsurface mapping, geotechnical ground characterization, voxel models, implicit structural modeling, 

uncertainty and validation. 

 
1. Introduction 

 

Urban development increasingly depends on reliable knowledge of the shallow subsurface, 

yet the ground remains one of the least directly observable components of the built environment. 

Standard site-investigation outputs, borehole logs, laboratory tests, and a limited number of 

interpretive cross-sections are indispensable, but they are not, by themselves, designed to represent 

spatial continuity and variability in 3D, nor to communicate uncertainty as an explicit “map product”. 

Geotechnical properties are well known to exhibit substantial natural variability; random-field 

perspectives emphasize that this variability can be concisely characterized by parameters such as the 

coefficient of variation and correlation structure (scale of fluctuation), which implies that sparse point 

sampling may miss meaningful lateral changes [1]. The need for improved subsurface 

characterization is amplified in urban settings where subsurface conditions evolve under interacting 

natural and anthropogenic drivers. For instance, leakage from underground water and drainage 

pipelines is widely recognized as a contributor to soil erosion, voiding, sinkhole formation, and 

ground collapse risk, motivating stronger monitoring and mapping practices for near-surface strata 

[2]. In parallel, the broader geotechnical literature has increasingly framed modeling as only one part 
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of decision-making, emphasizing that the principal obstacle to effective application is often the lack 

of explicit, transparent accounting for uncertainty (covering soil properties, stratification, and model 

performance) rather than the absence of computational tools [3]. Against this background, 3D 

subsurface cartography for geotechnical purposes can be defined as the set of methods that transform 

heterogeneous subsurface observations (e.g., boreholes and complementary information) into 

spatially continuous, easy to explore, and visualizable 3D representations of soil stratigraphy, together 

with uncertainty where possible. In this sense, “cartography” is not merely a 3D visualization; it is a 

structured representation that supports repeatable cartographic operations: slicing cross-sections, 

extracting virtual boreholes, generating volumes and surfaces, and communicating confidence in a 

form that is interpretable by multiple stakeholders. Early developments in attributed 3D geological 

modeling explicitly highlighted the value of 3D models of the shallow subsurface as an organizing 

framework for disparate data and interpretations, bridging conceptual models and decision-support 

needs [4]. However, the move from 2D documentation to 3D cartographic products introduces distinct 

methodological and practical challenges. Subsurface datasets are typically sparse, clustered, and 

inconsistent in classification and quality; resulting 3D models are sensitive to interpretive 

assumptions and parameter choices. More fundamentally, geological and geotechnical models 

contain both aleatory components (natural variability) and epistemic components (limited knowledge 

and interpretation uncertainty). Evidence-based treatments of geological model confidence and 

uncertainty emphasize that credibility depends on making these uncertainties visible and traceable, 

rather than embedding them implicitly in a single deterministic model [5]. This becomes especially 

important when 3D subsurface maps must be compared or integrated across neighboring sites (e.g., 

urban blocks or infrastructure corridors), where inconsistent conceptual assumptions and boundary 

conditions can lead to discontinuities and mismatches that undermine trust in the mapped products. 

Over the last two decades, 3D subsurface modeling has expanded from specialist geological modeling 

toward broader urban and engineering applications. Studies coupling 3D geological models to urban 

underground-space evaluation illustrate how 3D representations can directly influence planning-

oriented assessments, while also implicitly stressing the dependence of such applications on the 

quality and credibility of the underlying models [6]. Yet, despite rapid progress, the relevant literature 

remains distributed across engineering geology, geophysics, GIS, and computational modeling 

communities. As a result, readers seeking to use 3D subsurface maps for geotechnical characterization 

face practical questions that are not consistently answered: what constitutes a “decision-grade” 3D 

subsurface cartographic product, which approach families are best suited for which data regimes and 

scales, how uncertainty should be evaluated and communicated, and how interoperability and 

updateability should be treated when models become living datasets rather than static figures. 

This review is therefore necessary to consolidate the current state of 3D subsurface 

cartography for geotechnical purposes and to synthesize how modeling choices translate into the 

credibility, usability, and applicability of subsurface information. The objectives of this review are 

to: (1) develop a taxonomy of major approach families used for 3D subsurface mapping in 

geotechnical contexts; clearly compare their representations and inference strategies; (2) synthesize 

how different approaches transform available observations into 3D stratigraphic and/or property 

models; (3) critically analyze validation practices and uncertainty treatment, emphasizing how 

credibility is established and communicated; (4) examine comparability and integration challenges, 

including the practical issue of mismatches between neighboring 3D models along shared boundaries; 

and (5) translate the evidence into practical guidance (an applicability matrix and reporting checklist) 

to support rigorous selection, evaluation, and communication of 3D subsurface cartographic products 

for geotechnical subsurface characterization. 

 
2. Methods 

 

This review was designed as a targeted synthesis of the current state of 3D subsurface 

cartography for geotechnical purposes, with emphasis on subsurface information products and their 
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applicability for ground characterization. The methodological workflow follows a transparent 

evidence synthesis logic for identifying, screening, and including sources, consistent with established 

reporting guidance for systematic reviews [7]. 

The literature set was constructed using Litmaps as a citation-guided discovery environment, 

where relationships among candidate papers were explored through forward and backward citation 

links while simultaneously viewing publication recency and citation prominence in the network 

(Figure 1). This supported both coverage of influential foundational contributions and identification 

of more recent clusters that represent active research directions. 

 

 
Figure 1 – Litmaps citation network of the 27 selected papers, showing citation links and the axes of 

publication recency and citation count 

 

Starting from seed papers relevant to 3D subsurface mapping, the Litmaps network was 

iteratively expanded by adding candidate studies connected through citation links. The expansion was 

continued until additional inclusions became repetitive or outside the defined scope. A two-stage 

screening process was applied. First, titles and abstracts were screened to remove studies clearly 

unrelated to 3D subsurface cartography for geotechnical characterization. Second, full texts were 

screened to confirm that each retained study contributed directly to at least one of the following 

dimensions, namely representation of the subsurface in 3D, inference engines used to estimate layers 

and or properties, uncertainty and validation practice, data fusion, automation and scalability, or 

interoperability and delivery of models for downstream use. 

To enable consistent cross-paper comparison across engineering geology, geophysics, GIS, 

and computational modeling communities, each included paper was coded using a structured 

extraction form. The extracted information captured the conditioning data used for model building, 

including boreholes and logs, laboratory or in situ measurements, geological maps and cross-sections, 

geophysical constraints, and prior conceptual rules, together with the target variables represented in 

the model, such as stratigraphic interfaces, lithological classes, and continuous property fields. The 

coding also recorded the 3D representation type, the inference engine used for estimation or 

classification, how discontinuities such as faults or unconformities were handled when relevant, the 

validation strategy and reported metrics, the presence and form of uncertainty quantification and 

communication, and the final deliverables including file formats, GIS or web visualization, database 

structures, and pathways for BIM or FE oriented use. In addition, explicit limitations and future work 
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statements were extracted verbatim and later grouped into recurring themes to support a gap analysis 

grounded in author reported evidence. 

To align the review structure with the Litmaps tool [8] visualization (Figure 1), each paper 

was assigned one primary tag corresponding to one of six approach families, namely geophysics 

driven 3D modeling that is AEM or resistivity led (teal green legend), interoperability and engineering 

delivery including GIS BIM and FE ready models (purple legend), automation and urban scale 

pipelines (red legend), uncertainty oriented approaches including stochastic modeling and inversion 

or segmentation (blue legend), voxel models and voxel workflows (green legend), and implicit or 

potential field structural modeling (orange legend). The one paper, one primary tag rule was used to 

preserve the readability of the Litmaps figure, while cross-cutting characteristics were captured 

through the extracted coding fields and are discussed comparatively in the synthesis. 

The synthesis proceeds by first constructing a taxonomy that compares representations and 

inference engines across the six approach families, then analyzing workflow level differences in data 

regimes, automation level, scalability, and delivery, and finally evaluating credibility through 

validation and uncertainty practice with specific attention to comparability across neighboring models 

and boundary mismatch issues. Recurring limitations and future work themes across the 27 papers 

are then consolidated into an applicability matrix and a reporting checklist intended to support 

transparent selection, evaluation, and communication of 3D subsurface cartographic products for 

geotechnical subsurface characterization. 

 
3. Taxonomy of 3D subsurface cartography approaches 

 

The current section establishes the taxonomy used in this review and links it directly to the 

six approach families defined in the Litmaps-based tagging scheme presented in Figure 1. The 

purpose of the taxonomy is not only to classify methods by their technical implementation, but also 

to compare them in terms of the type of subsurface information they produce and the extent to which 

those products are suitable for geotechnical ground characterization. Across the 27 reviewed papers, 

the strongest distinctions are observed in the way the subsurface is represented in 3D, the inference 

engine used to estimate geometry and or properties, and the intended delivery format for downstream 

use. These distinctions are evident across the implicit structural modeling line (for example [9], [10], 

[11], [12]), the voxel-model line (for example [13], [14], [15], [16], [17], [18], [19]), uncertainty and 

stochastic approaches (for example [20], [21], [22], [23], [24]), automation and urban-scale pipelines 

(for example [25], [26], [27], [28], [29]), geophysics-driven modeling (for example [30], [31], [32]), 

and interoperability or engineering-delivery focused studies (for example [33], [34], [35]). 

To make the comparison explicit and reusable in the later sections, the taxonomy is 

summarized in Table 1, which organizes the reviewed literature by approach family, dominant 

representation, common inference logic, typical outputs, and principal geotechnical relevance. 

 

Table 1 – Taxonomy of cartography approaches and their geotechnical information products 
No. Approach family Typical representation Dominant inference / 

modeling logic 

Typical input data 

regime 

Typical output 

products 

Main geotechnical 

relevance 

1 Implicit or potential-

field structural 

modeling [9], [10], 
[11], [12] 

Continuous scalar or 

vector fields, implicit 

surfaces, structural 
surfaces 

Structural interpolation 

constrained by interfaces, 

orientations, stratigraphic 
rules, and topological 

relations 

Borehole contacts, 

interpreted interfaces, 

orientations, geological 
rules, sometimes 

auxiliary sections 

Stratigraphic 

surfaces, solids, 

structural 
frameworks, 

exportable meshes 

Strong for coherent layer 

geometry and structural 

continuity; useful when 
stratigraphic architecture 

is the primary target 

2 Voxel models and 

voxel workflows [13], 

[14], [15], [16], [17], 
[18], [19] 

Regular 3D grids 

(voxels), categorical 

and or continuous 
volumetric fields 

Interpolation, 

classification, rule-based 

assignment, gridding, 
voxel population and 

refinement 

Boreholes and logs, 

property values, 

lithology classes, open 
borehole databases, 

optional geophysical 

constraints 

Lithology volumes, 

property volumes, 

3D queries, cross-
sections, statistics, 

web-ready blocks 

Strong for volumetric 

querying, spatial 

statistics, and practical 
GIS workflows; useful 

for multi-attribute 

subsurface mapping 

3 Uncertainty, 

stochastic, inversion 

and segmentation 

approaches [20], [21], 
[22], [23], [24] 

Multiple realizations, 

probabilistic class 

fields, uncertainty 

volumes, stochastic 
structures 

Geostatistical estimation, 

stochastic simulation, 

Bayesian or likelihood-

based inference, 

Boreholes, geophysics, 

priors, training labels, 

model constraints, 

synthetic benchmarks 

Uncertainty maps or 

volumes, probability 

of class or interface, 

ensembles, 

Essential for credibility 

assessment, risk-aware 

interpretation, and 

transparent 



Technobius, 2026, 6(1), 0097  

 
inversion and 

segmentation frameworks 

confidence 

indicators 

communication of model 

confidence 

4 Automation and 

urban-scale pipelines 

[25], [26], [27], [28], 
[29] 

Mixed representations, 

often workflow-centric 

and conversion-based 

Automated processing 

chains, database-driven 

model generation, rule-
guided reconstruction, 

GIS geoprocessing 

Large borehole 

archives, 

heterogeneous logs, 
urban datasets, 

standardized inputs, 

workflow scripts 

Scalable 3D urban 

subsurface models, 

repeatable pipelines, 
batch products, 

updateable datasets 

Important for operational 

deployment at city or 

corridor scale and for 
repeatable mapping 

under practical 

constraints 

5 Interoperability and 

engineering delivery 
(GIS-BIM, FE-ready) 

[33], [34], [35]  

Exchange-ready 3D 

ground models, 
converted analytical 

grids and meshes, 

integrated information 
structures 

Model translation, 

schema alignment, 
geometric conversion, 

data exchange and 

delivery workflows 

Existing geological or 

geotechnical models 
plus target platform 

requirements (GIS, 

BIM, FE) 

FE-ready models, 

GIS/BIM integrated 
datasets, 

transferable ground 

information objects 

Critical for practical use 

of subsurface models in 
engineering workflows 

and digital project 

environments 

6 Geophysics-driven 3D 

modeling (AEM or 

resistivity led) [30], 
[31], [32] 

Voxel or layered 

geophysical-geological 

models, interpreted 
geophysical volumes 

Geophysical inversion 

interpretation, cognitive 

geological interpretation, 
integration of geophysics 

with boreholes and prior 

geology 

AEM, resistivity, 

geophysical sections or 

volumes, calibration 
boreholes, geological 

interpretation 

Large-area 3D 

geological models 

with stronger areal 
coverage than 

borehole-only 

workflows 

Particularly valuable for 

extending spatial 

coverage and 
constraining regional to 

corridor-scale subsurface 

structure 

 

To complement the taxonomy, Figure 2 presents representative examples of 3D subsurface 

products associated with the approach families. This gallery is not to compare visual quality across 

studies, but to illustrate the different forms of outputs that are ultimately delivered to users, including 

structural surfaces, voxel products, uncertainty representations, and engineering-oriented models. 

 

 

 

 

 

 
a) Approach family No. 1 [12] b) Approach family No. 2 [13] c) Approach family No. 3 [22] 

 

 

 

 

 

 
d) Approach family No. 4 [29] e) Approach family No. 5 [35] f) Approach family No. 6 [32] 
Figure 2 – Representative gallery of typical 3D subsurface products across the approach families 
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The taxonomy in Table 1, together with the representative output gallery in Figure 2, shows 

that the reviewed studies are not separated by a single methodological boundary. Instead, they differ 

across three intersecting dimensions. The first dimension is the representation of the subsurface, 

which ranges from surface-based structural frameworks to full volumetric discretization. The second 

dimension is the inference strategy, which ranges from deterministic and rule-based interpolation to 

explicitly probabilistic and stochastic formulations. The third dimension is the intended destination 

of the model, which ranges from scientific interpretation and visualization to engineering delivery 

through GIS, BIM, or finite-element compatible formats. This is why some papers sit close together 

in the Litmaps network while still serving different roles in practice, for example [27] and [28] in 

automation-oriented workflows, or [34] and [35] in interoperability and engineering delivery. 

A key implication of this taxonomy is that no single approach family is universally optimal 

for geotechnical subsurface characterization.  

Implicit structural models are often advantageous when the principal task is reconstruction of 

stratigraphic architecture with strong structural coherence ([9], [10], [11], [12]), whereas voxel 

workflows are often more suitable when the objective includes volumetric statistics, grid-based 

spatial querying, and property field analysis across many attributes ([13], [17], [18], [19]).  

Uncertainty-oriented approaches are indispensable when confidence reporting and risk-aware 

interpretation are central ([20], [22], [23], [24]), but they may require higher methodological overhead 

and clearer communication protocols for practical adoption.  

Geophysics-driven models can substantially improve areal continuity in settings where 

boreholes are sparse ([30], [31], [32]), while interoperability-focused studies highlight that even 

technically strong 3D models can remain underused unless they are deliverable in formats and 

schemas compatible with engineering workflows ([33], [34], [35]). 

The taxonomy also clarifies the role of automation as a separate family rather than merely a 

feature of other methods. In the reviewed corpus, automation and urban-scale pipeline studies 

emphasize repeatability, throughput, and updateability under real-world data heterogeneity ([25], 

[26], [27], [28], [29]). This makes them especially relevant for municipal databases, corridor projects, 

and iterative mapping contexts where new boreholes or revised logs are added over time. At the same 

time, automation does not eliminate the need for human geological judgement. Instead, it shifts expert 

intervention toward rule definition, quality control, and interpretation of ambiguous or conflicting 

evidence. The taxonomy developed in this section serves as the analytical backbone for the next three 

sections. 

 
4. From data to model: workflows, automation, and scalability 

 

This section examines how the reviewed studies move from heterogeneous subsurface 

observations to usable 3D cartographic products, with emphasis on workflow logic, automation, and 

scalability.  

The reviewed corpus shows that the practical difference between methods is often not only 

the final representation, but also the sequence of transformations applied to the data before modeling 

begins. In the workflow-oriented literature, this sequence is treated as a first-class methodological 

component rather than a hidden preprocessing step [25]. In urban-scale studies, the workflow itself 

becomes the main contribution because repeatability and updateability are necessary when large 

borehole archives are involved [28]. In GIS-centered implementations, the workflow is explicitly 

operationalized as a geoprocessing chain so that model generation can be rerun after parameter or 

data updates [29]. 

Before presenting the detailed comparison, the general workflow pattern identified across the 

reviewed studies is summarized in Figure 3 below. This workflow is a synthesis produced in this 

review and is intended to provide a common reference for comparing otherwise different modeling 

traditions. 
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Figure 2 – Generalized data-to-model workflow for 3D subsurface cartography 

 

A recurring workflow requirement is the transformation of heterogeneous records into a 

consistent internal representation before any interpolation or reconstruction is performed. In 

migration-oriented modeling work, conversion from legacy 2D geological materials into a structured 

3D workflow is presented as a central technical challenge because the original data were not prepared 

for direct 3D reconstruction [26]. A similar conversion focus is visible in studies that reconstruct 3D 

geological objects from 2D interpretation elements, where the sequence of preprocessing and 

geometric organization strongly influences the quality of later model generation [25]. In practical 

voxel-building studies using open borehole archives, data standardization is emphasized because the 

consistency of lithology coding directly controls the reliability of voxel class assignment [18]. 

The reviewed papers also show that workflow design is tightly coupled with the intended 

model representation. In implicit structural modeling, the workflow is typically organized around 

interfaces, orientations, and stratigraphic relationships because these are the principal constraints used 

to reconstruct continuous geological surfaces [9]. In structurally complex settings, the workflow 

remains strongly interpretation-led even when computational tools are advanced, because the 

ordering and consistency of geological constraints determine whether the resulting implicit 

framework is geologically plausible [10]. Recent implicit urban workflows move toward more 

automation, but they still retain rule-based geological guidance to preserve stratigraphic coherence 

when processing dense drilling records [11]. The potential-field extension proposed for 

unconformable interfaces further demonstrates that workflow changes are sometimes required 

specifically to handle difficult contact relationships that standard implicit implementations represent 

poorly [12]. 

In voxel workflows, the workflow emphasis shifts from surface reconstruction to volumetric 

discretization, category allocation, and multi-attribute storage. National and regional voxel model 

initiatives show that the workflow must support repeated integration of new observations and revised 

interpretations over time, which makes database structure and rule consistency as important as the 

interpolation step itself [13]. Comparative voxel model evolution studies also indicate that later 

generation workflows improve usability by refining update procedures and improving the 

organization of voxel attributes rather than only changing the final visualization [15]. Practical 

shallow subsurface voxel modeling studies demonstrate that voxel workflows can be tailored to 

engineering use by aligning grid construction and attribute assignment with user-oriented map 

products [14]. Later developments in the same line reinforce the importance of uncertainty-aware 
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voxel update procedures when models are reused for planning and subsurface management [17]. 

Compression and representation studies show that voxel workflow performance can also depend on 

storage and rendering choices, which affects how feasible large 3D models are in routine use [16]. In 

engineering delivery contexts, voxel-based ground information can be structured to support 

downstream numerical analysis, which requires workflow planning from the beginning rather than 

post hoc conversion [19]. 

Automation appears in the reviewed corpus as a spectrum rather than a binary property. Some 

studies automate only repetitive preprocessing tasks while preserving manual interpretation at key 

stratigraphic decisions [26]. Other studies automate larger portions of the pipeline, including data 

ingestion, classification, and model construction, especially when the target is urban-scale production 

from many boreholes [28]. A GIS geoprocessing workflow can be highly automated in execution 

while still requiring expert selection of interpolation settings and classification logic, which highlights 

that automation shifts effort toward parameterization and quality control rather than removing expert 

judgement [29]. Hybrid modeling and rendering workflows further show that automation may be 

introduced for performance reasons, such as splitting regular voxel structures to improve display 

efficiency and web usability [27]. 

The data regime strongly influences which workflow architecture is feasible. Geophysics-led 

studies demonstrate that large-area coverage can be improved when airborne or ground geophysical 

information is integrated with boreholes, which changes the workflow from sparse point interpolation 

toward iterative interpretation and integration of areal or volumetric geophysical evidence [30]. 

AEM-based cognitive voxel modeling explicitly shows a workflow in which geophysical models are 

interpreted jointly with boreholes to construct geological volumes at scales that would be difficult to 

support with boreholes alone [31]. In offshore or infrastructure-oriented large-area modeling, multi-

source integration is used to compensate for uneven direct investigation density, which again makes 

the workflow itself a critical methodological contribution [32]. 

Uncertainty-oriented methods also reshape the workflow because validation and uncertainty 

outputs are not appended only at the end, but influence model-building choices. Empirical Bayesian 

kriging is relevant in this context because it embeds uncertainty estimation within the interpolation 

process and therefore affects how property mapping workflows are configured and evaluated [20]. 

Hidden Markov random field style geological segmentation introduces a workflow in which 

probabilistic labeling and spatial context are integral to model construction, rather than optional post-

processing [21]. Multi-source uncertainty analysis in 3D structural modeling shows that workflow 

stages must preserve source-specific uncertainty information if the final confidence assessment is to 

remain meaningful [22]. Synthetic-geology-based uncertainty studies further demonstrate that 

benchmark design and controlled experiments can be used as workflow components for testing how 

modeling choices influence uncertainty in outputs [23]. Recent geostatistical lithological modeling 

frameworks also indicate that predictive uncertainty is central to the model product and should be 

reflected in the workflow from data preparation onward [24]. 

Scalability is another major differentiator across the reviewed papers. In site-scale workflows, 

the primary objective is often a detailed local representation, which allows more manual intervention 

and tuning if data density is sufficient [10]. In city-scale or regional workflows, throughput, 

standardization, and updateability become dominant design constraints because the number of 

boreholes and the heterogeneity of records make bespoke modeling impractical [13]. Urban archive-

based pipelines illustrate that the uneven spatial distribution of boreholes requires workflow logic 

that can detect data density contrasts and prevent overconfident extrapolation into poorly constrained 

zones [28]. GIS-based voxel workflows at site scale provide an intermediate case in which methods 

are detailed enough for geotechnical property mapping, but still structured in a way that supports 

reproducibility and later transfer to larger deployments [29]. 

To summarize the workflow comparison in a compact form for later use in further sections, 

Table 2 condenses the main distinctions in data regime, automation emphasis, and scaling behavior 

across the six taxonomy families. 
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Table 2 – Workflow and scalability patterns across the approach families 
Approach 
family* 

Dominant workflow bottleneck Typical automation emphasis Typical scale 
tendency 

Main risk if workflow is weak 

1 Constraint consistency and 
stratigraphic rule definition 

Partial automation with expert-
guided interpretation 

Site to district Geologically implausible continuity or 
interface conflicts 

2 Data harmonization and voxel 

assignment consistency 

Batch gridding, classification, 

attribute updating 

Site to regional False continuity and class artifacts in 

sparsely constrained cells 

3 Preserving uncertainty 

information through model steps 

Integrated probabilistic estimation 

and testing 

Site to regional Confidence outputs that do not reflect 

true workflow assumptions 

4 Standardization of heterogeneous 

archives 

Data ingestion, repeatable processing 

chains, batch generation 

District to city High throughput with low interpretive 

quality control 

5 Schema conversion and geometry 

translation 

Format conversion and delivery 

pipelines 

Site to corridor / 

project system 

Technically valid models becoming 

unusable in target platforms 

6 Joint interpretation of geophysics 
and borehole constraints 

Semi-automated inversion plus 
interpretation workflows 

District to 
regional / corridor 

Overinterpretation of geophysical 
patterns without sufficient calibration 

* Enumeration of the approach family corresponds to Table 1. 

 

The scalability patterns in Table 2 indicate that workflow robustness is a prerequisite for 

applicability. A method that performs well in a small expert-controlled demonstration can become 

unreliable when transferred to a municipal archive if data harmonization and automated quality 

control are not built into the pipeline [28]. Conversely, a highly automated pipeline may produce 

visually complete 3D outputs that are difficult to trust if the workflow does not preserve explicit 

uncertainty or validation checkpoints [22]. This tradeoff explains why several recent studies combine 

automation with stronger model checking or uncertainty-aware components rather than optimizing 

only processing speed [24]. 

The workflow perspective also clarifies that interoperability is not only an end-stage delivery 

issue. In FE-conversion studies, the possibility of generating analysis-ready ground models depends 

on earlier workflow decisions regarding geometric consistency and property assignment [34]. In 

broader geological information modeling and exchange studies, model updateability and data 

exchange are treated as design requirements that influence how the workflow is structured from the 

start [35]. Conceptual engineering-geology discussions similarly stress that the practical value of 3D 

ground models depends on fitness for purpose, which in workflow terms means aligning the modeling 

sequence with the intended decisions and users rather than producing a generic 3D model [33]. 

To support the reader visually, Figure 3 provides an infographic that positions the six approach 

families along two operational axes that recur in the reviewed corpus, namely automation intensity 

and dependence on expert interpretation. This figure is not a ranking, but a comparative orientation 

tool that complements the taxonomy in Table 1. 

 

 
Figure 3 – Workflow automation intensity and dependence on expert interpretation (positions are 

schematic and indicate dominant workflow tendencies, not absolute properties of each family) 
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Overall, the reviewed literature shows that data-to-model workflows are central to the 

performance, credibility, and scalability of 3D subsurface cartography. The workflow determines 

how heterogeneous evidence is transformed, how much expert judgement is embedded or formalized, 

how uncertainty can be preserved, and whether the resulting model can be updated and delivered for 

practical use. This is why the next section shifts from workflow mechanics to credibility, focusing on 

validation, uncertainty, and comparability, including the boundary-mismatch problem, which 

becomes critical when multiple 3D models are used together. 

 
5. Credibility: validation, uncertainty, and comparability 

 

The credibility of a 3D subsurface cartographic product depends on whether it can be defended 

as an evidence-based representation rather than a visually plausible reconstruction. Within the 

reviewed corpus, credibility is established through three interconnected elements: validation of 

predictive behavior against observations, explicit treatment of uncertainty, and comparability of 

outputs when models are reused, updated, or combined across adjacent domains. In workflow-driven 

property mapping, credibility is often established through the repeatable evaluation of interpolation 

behavior and the systematic reporting of model performance across the 3D extent [29]. In structural 

reconstruction, credibility is closely tied to the consistency of constraints and the ability of the model 

to honor interface and orientation information without producing implausible artifacts [9]. In 

geophysics-led modeling, credibility is strongly influenced by how calibration boreholes anchor 

interpretations of geophysical volumes, because geophysical patterns alone can be ambiguous without 

ground truth constraints [31]. 

Validation practices differ by target variable and representation. When the mapped variable is 

continuous, validation is frequently expressed as predictive performance of an estimator at withheld 

locations, which aligns naturally with cross-validation logic in geostatistical workflows [20]. When 

the target is categorical, such as lithology or stratigraphic class, the validation problem becomes one 

of classification reliability and boundary correctness rather than numeric error alone, which motivates 

segmentation or probabilistic labeling formulations that incorporate spatial context [21]. In multi-

source structural modeling, validation extends beyond point-wise error and includes the internal 

consistency of the reconstructed framework under varying combinations of input sources, because 

different data types may constrain different aspects of the geometry [22]. A complementary approach 

to validation appears in benchmark-oriented work where synthetic geology is used to test how 

uncertainty grows from modeling choices under controlled conditions, which provides a structured 

way to assess methodological sensitivity [23]. 

Uncertainty treatment is a second pillar of credibility because 3D subsurface mapping 

necessarily extrapolates beyond direct observation. In EBK-based approaches, uncertainty is not only 

a post-processing annotation but an intrinsic output associated with the estimation process, which 

enables uncertainty-aware interpretation of property fields [20]. In predictive geostatistical 

frameworks for lithological modeling, uncertainty can be treated as a primary deliverable that 

complements the most likely class assignment and supports decision-making under incomplete 

knowledge [24]. In large-scale voxel workflows, uncertainty is often addressed indirectly through 

model generation logic and update procedures, which can influence perceived reliability even when 

explicit probabilistic volumes are not produced [17]. In national or regional ground model programs, 

uncertainty and credibility are also linked to the governance of data updates and model revisions 

because a map changing over time must retain traceable provenance of inputs and assumptions [13]. 

Comparability is the third pillar and becomes critical once 3D subsurface cartography moves 

from single-case demonstrations to operational use. Comparability includes reproducibility of results 

under reruns, consistency under updates, and coherence when neighboring models are combined. In 

urban-scale production, uneven borehole density and heterogeneous logging practices create spatially 

varying confidence, which means that comparability across a city is partly a quality-control problem 

rather than only a modeling problem [28]. In voxel models intended for web delivery, representation 
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choices such as voxel splitting and hierarchical organization can improve usability but also introduce 

discretization-dependent boundary behaviors that affect how adjacent tiles or model blocks align [27]. 

In interoperability and delivery contexts, comparability is affected by the conversion process itself 

because translation to FE-ready form can modify geometry and property allocation, which requires 

explicit checks to avoid introducing artificial discontinuities [34]. 

The reviewed literature implies that mismatches along shared boundaries arise through several 

recurring mechanisms. One mechanism is inconsistent conceptual constraints across models, such as 

different stratigraphic rules or horizon definitions, which can lead to incompatible surfaces even when 

both models honor local data [9]. A second mechanism is discretization mismatch, where different 

voxel sizes, grid origins, or conversion rules produce seams that are numerical artifacts rather than 

geological features [27]. A third mechanism is heterogeneity of uncertainty across the boundary, 

where one side is well constrained by dense investigation and the other is not, causing one model to 

extrapolate with unwarranted confidence relative to its neighbor [28]. A fourth mechanism is data-

fusion asymmetry, where one model uses geophysical constraints and the adjacent model does not, 

which can produce different continuity assumptions in areas with sparse boreholes [30]. These 

mechanisms are actionable because they can be translated into seam-focused checks and reporting 

practices that complement traditional validation. 

Figure 4 summarizes the credibility logic synthesized from the reviewed corpus. The scheme 

highlights where validation and uncertainty should be inserted into the workflow and where seam 

comparability checks are necessary when multiple models are intended to be mosaicked or compared. 

 

Start

Collect inputs and condition data 

(boreholes, tests, maps, geophysics, priors)

Construct 3D model (implicit framework or 

voxel volume or probabilistic labeling)

Model validation
Adjust model settings (rules, parameters, 

discretization, constraints)

Generate uncertainty products (variance, 

probability, confidence indicators)

Decision-grade delivery (GIS, web, 

database, FE-ready models, documented 

assumptions)

Comparability and seam checks

Fail

Pass

Pass

Seam remediation (boundary constraints, 

overlap, buffers, grid alignment, conversion 

checks)

Fail

End  
Figure 4 – Scheme of credibility building in 3D subsurface cartography 
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To support a compact comparison that can be used in the next section, Table 3 lists 

representative credibility features from selected studies. The intent is not to rank methods, but to show 

how validation, uncertainty, and seam comparability are treated across different approach families. 

 

Table 3 – Representative credibility practices across the reviewed approach families 
Paper Primary credibility focus Validation approach 

emphasized 
Uncertainty product emphasized Comparability implication 

[20] Estimator behavior and 
uncertainty 

Cross-validation as estimator 
evaluation 

Prediction uncertainty associated with 
EBK 

Enables uncertainty-aware comparison 
between areas 

[21] Categorical model reliability Spatially contextual labeling 

for classes 

Probabilistic classification behavior Supports boundary interpretation as 

uncertainty zones 

[22] Multi-source confidence 

assessment 

Sensitivity to input source 

combinations 

Explicit uncertainty assessment under 

multi-source inputs 

Highlights risk of inconsistent constraints 

across neighbors 

[23] Method sensitivity under 

controlled truth 

Synthetic benchmark testing Quantified uncertainty driven by 

modeling choices 

Provides basis for comparing methods on 

shared benchmarks 

[28] Operational quality control 

at urban scale 

Handling uneven borehole 

distributions 

Confidence varies with data density Seams often reflect differing constraint 

strength across districts 

[34] Delivery credibility after 
conversion 

Consistency during FE-ready 
conversion 

Implicit uncertainty introduced by 
translation 

Seams can be introduced by conversion 
rules if unchecked 

 

Overall, credibility in 3D subsurface cartography emerges as an interplay between modeling 

choices and verification culture. Methods that provide explicit uncertainty products make it easier to 

communicate where the model is informative and where it is speculative, which strengthens 

interpretability for geotechnical ground characterization [24]. Workflows that scale to city or regional 

settings must treat data harmonization and quality control as credibility mechanisms because the 

model inherits biases and inconsistencies from the archive [18]. Approaches designed for practical 

delivery must include comparability checks at the interface between modeling and downstream 

platforms because translation can otherwise compromise the integrity of mapped layers and properties 

[35]. These findings motivate the translation of the reviewed evidence into applicability guidance and 

reporting requirements for decision-grade 3D subsurface cartographic products. 

 
6. Applicability to geotechnical subsurface decision support 

 

This section translates the reviewed evidence into practical guidance on when a 3D subsurface 

cartographic product can be treated as decision-grade for geotechnical ground characterization. In 

this review, applicability is defined as fitness for the purpose of the subsurface information product, 

meaning that the model must be consistent with the available evidence, transparent about uncertainty, 

and deliverable in a form that supports engineering use. [33] frames the practical value of 3D ground 

models in terms of suitability for the intended decisions rather than visual completeness, which 

motivates an applicability lens that evaluates products by their constraints, outputs, and limitations 

rather than by their geometric sophistication. 

A first applicability condition concerns the dominant target of mapping. When the central goal 

is stratigraphic architecture, implicit structural modeling is often used because it is built around 

interfaces, orientations, and stratigraphic consistency constraints rather than cell-by-cell assignment 

[9]. When the central goal is multi-attribute volumes, voxel workflows are frequently chosen because 

they support volumetric querying, property statistics, and consistent grid-based extraction of 

information products [13]. When a project requires decision support under incomplete and 

heterogeneous evidence, approaches that treat uncertainty as a primary output become more directly 

applicable due they can communicate where the model is informative and where it is speculative [24]. 

A second applicability condition concerns spatial coverage and data regime. In regions where 

boreholes are sparse or uneven, geophysics-driven modeling can improve areal continuity by 

providing volumetric constraints that are then calibrated against boreholes [31]. In urban settings with 

dense but heterogeneous borehole archives, applicability depends strongly on whether the workflow 

includes systematic ingestion and quality control because uneven distribution can otherwise produce 

misleading extrapolation patterns [28]. In practical implementations based on open borehole logs, 
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applicability increases when the workflow emphasizes consistent coding and pragmatic modeling 

choices that match the quality and granularity of available logs [18]. 

A third applicability condition is credibility, which is inseparable from validation and 

uncertainty communication. [20] shows that geostatistical estimation can provide uncertainty outputs 

together with predictions, which supports uncertainty-aware interpretation of continuous property 

fields. [21] demonstrates that categorical subsurface modeling benefits from probabilistic labeling 

ideas where spatial context is used to improve class assignment reliability, which is particularly 

relevant when the map product is a lithology volume. [23] argues that controlled benchmark settings 

using synthetic geology can reveal how modeling choices propagate into uncertainty, which supports 

method selection and reporting for decision-grade mapping. 

A fourth applicability condition is comparability and integration. [27] highlights that 

performance-oriented voxel structuring can be essential for delivery and usability, but discretization 

choices can influence how seams and boundaries appear when models are tiled or merged. [34] shows 

that conversion to analysis-ready formats is not a neutral step because translation can alter geometry 

and property allocation if constraints are not preserved, which affects whether a subsurface model 

remains decision-grade after delivery. [35] emphasizes the importance of interoperable ground 

information structures and exchange logic, which becomes a practical applicability requirement when 

multiple stakeholders and platforms must reuse the same subsurface product. 

Figure 5 provides a review-generated decision flow that operationalizes these conditions as a 

minimal applicability screening procedure. The scheme is designed to be applied before adopting a 

3D subsurface cartographic product in a geotechnical decision-support context. 
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Figure 5 – Applicability screening flow for 3D subsurface cartographic products 
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To make applicability guidance concrete, Table 4 summarizes representative use-case patterns 

that recur in the reviewed corpus. Each row is grounded in one paper that exemplifies the decision 

context and the associated workflow implications. 

 

Table 4 – Use-case patterns for decision-grade 3D subsurface mapping 
Decision-support need Dominant data regime Recommended approach 

family 
Minimum credibility evidence expected Representative 

source 

Coherent stratigraphic 
architecture for site-scale 

interpretation 

Interfaces, orientations, 
stratigraphic constraints, limited 

property targets 

Implicit or potential-
field structural modeling 

Plausibility and constraint-consistency 
checks that demonstrate honored inputs 

[9] 

Multi-attribute volumetric 

subsurface map for querying 
and statistics 

Boreholes and logs with 

multiple attributes in a 
consistent coding scheme 

Voxel models and voxel 

workflows 

Demonstrated robustness of voxel 

assignment rules and traceable update 
logic 

[13] 

Urban-scale production from 
large heterogeneous borehole 

archives 

Dense but uneven and 
heterogeneous borehole 

distribution 

Automation and urban-
scale pipelines 

Quality-control logic that accounts for 
data-density contrasts and prevents 

overconfident extrapolation 

[28] 

Extending spatial coverage 

beyond borehole-only 
constraints 

Geophysical models with 

calibration boreholes 

Geophysics-driven 3D 

modeling 

Explicit calibration logic tying 

geophysics interpretation to borehole 
control 

[31] 

Decision-support where 
uncertainty must be 

communicated explicitly 

Mixed constraints with 
incomplete coverage 

Uncertainty-focused 
geostatistical framework 

Uncertainty products paired with 
predictions that can be interpreted as 

confidence indicators 

[24] 

Analysis-ready subsurface 

product for downstream 
numerical modeling 

Existing model plus requirement 

for conversion to FE-ready form 

Interoperability and 

engineering delivery 

Verification that conversion preserves 

geometry and property allocation 
constraints 

[34] 

 

Across the corpus, the strongest determinant of applicability is not the label of the method 

family but whether the produced 3D map satisfies a small set of decision-grade conditions. [10] shows 

that structurally complex cases demand careful constraint management because even powerful 

modeling tools can produce misleading continuity if structural rules are not enforced. [17] indicates 

that voxel models used for planning and management benefit when uncertainty and model revision 

behavior are addressed as operational issues rather than treated as a one-time model build. [29] 

demonstrates that a reproducible GIS workflow strengthens applicability by making model generation 

repeatable under new parameter settings or updated datasets, which is important when the subsurface 

map is treated as a living product. 

Based on these patterns, the following applicability checklist can be used as a compact 

reporting and adoption guide, and it will be expanded into a formal reporting checklist in the final 

synthesis. [32] illustrates that for large-area ground model applications, explicit documentation of 

data sources, coverage limitations, and integration logic is essential because spatial completeness can 

otherwise be mistaken for evidential completeness. [22] shows that in multi-source contexts, 

applicability improves when uncertainty contributions from different sources are preserved and 

compared rather than merged without traceability. 

Checklist items to report or verify before treating a 3D subsurface map as decision-grade for 

geotechnical ground characterization include a stated target variable and decision context, an explicit 

description of the data regime and coverage limitations, a documented representation and inference 

choice with key settings, validation evidence appropriate to the target variable, uncertainty 

communication appropriate to the use-case, and integration details covering delivery formats, update 

procedure, and seam comparability expectations where models will be mosaicked. [33] supports this 

orientation by emphasizing that the operational value of a 3D ground model follows from its 

alignment with the intended engineering use, which in this review is formalized as applicability 

conditions. 

 
7. Conclusions 

 

This review synthesized the current state of 3D subsurface cartography for geotechnical 

purposes by organizing the selected literature into a taxonomy aligned with the Litmaps-based 

clustering and by comparing how different approach families transform subsurface observations into 
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3D stratigraphic and or property products. The analysis indicates that there is no single dominant 

solution. Instead, complementary families prioritize different outcomes, including structural 

consistency of stratigraphy, volumetric querying of lithology and properties, explicit uncertainty 

communication, operational automation at urban scale, geophysics-led extension of spatial coverage, 

and interoperability for engineering delivery. 

A key finding is that workflow design is as important as the final representation. Decision-

grade mapping requires explicit data harmonization, traceable assumptions, and repeatable processing 

rather than only visually complete models. Credibility depends on validation logic appropriate to the 

mapped product and on uncertainty communication that clarifies where the model is constrained by 

evidence and where it is extrapolative. 

Comparability becomes critical when models are reused, updated, or combined across 

adjacent domains. Boundary mismatches can arise from inconsistent conceptual rules, discretization 

differences, unequal data density, and asymmetric auxiliary constraints. For this reason, seam checks 

and remediation strategies should be treated as standard workflow elements when mosaicking or 

cross-area comparison is expected. 

This review is subject to several limitations. Because the literature corpus was assembled 

through a Litmaps citation-network workflow, the selection may favor well-connected and more 

frequently cited studies, while very recent papers, less-cited contributions, regional publications, and 

non-indexed sources may be underrepresented. In addition, although the coding and tagging 

procedure was applied consistently, the assignment of papers to approach families involved author 

judgement. Accordingly, the proposed taxonomy should be interpreted as a transparent synthesis of 

the selected corpus rather than as an exhaustive or uniquely fixed classification of the entire field. 

Overall, the reviewed evidence supports an applicability view where method selection should 

be guided by the mapping objective and data regime, then verified against minimum credibility and 

integration requirements. Future work should prioritize workflow-level uncertainty propagation, 

more standardized evaluation practices, improved seam-consistency methods, and stronger 

interoperability across GIS, web visualization, databases, and engineering delivery environments. 
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Abstract. The present study evaluates the influence of waste glass powder particle size distribution, dosage, and 

compaction pressure on the performance of autoclaved silicate brick. Glass powder produced from container glass 

waste was incorporated into a quartz–lime mixture at 5, 10, and 15 wt.% in four fractions: ≤63, 63-140, 140-315, and 

315-630 μm. The specimens were formed by semi-dry pressing and subjected to autoclave curing. Their average 

density, compressive strength, water absorption, thermal conductivity, and frost resistance were then determined. The 

results demonstrated that the modifying effect of glass powder strongly depends on its dispersity. The most favorable 

performance was obtained with the finest fraction (≤63 μm) at 10 wt.% and 10 MPa compaction pressure, where the 

average density reached 1860 kg/m3, compressive strength 14.5 MPa, water absorption 11.3%, and thermal conductivity 

0.77 W/(m·C). Coarser fractions showed a progressively weaker effect, and the 315–630 μm fraction was unfavorable 

relative to the reference composition. Frost resistance remained at F50 for all specimens. Increasing compaction 

pressure from 5 to 15 MPa enhanced densification and strength development while only slightly changing thermal 

conductivity. The results confirm the potential of finely ground waste glass as an effective modifying additive for 

silicate brick production. 

Keywords: autoclaved silicate brick, waste glass powder, particle size distribution, compaction pressure, compressive 

strength, water absorption, thermal conductivity. 

 
1. Introduction 

 

Silicate brick remains an important wall material because it combines relatively simple raw 

materials with hydrothermal curing, and its service properties are governed not only by composition 

but also by particle packing, molding pressure, and phase formation during autoclaving [1]. Interest 

in this material has grown further in the context of sustainable construction, since sand-lime 

products can serve as a platform for incorporating industrial by-products and recycled mineral 

components without abandoning established production technology [2]. At the same time, 

conventional silicate products still face a practical materials challenge: their overall performance 

must be improved in a balanced way, because strength, density, water absorption, thermal 

conductivity, and durability are interrelated rather than independent characteristics [3]. 

One of the most promising approaches is the use of waste glass, since soda-lime glass is rich 

in amorphous silica and can act not only as an inert filler but also as a reactive component under 

alkaline and hydrothermal conditions [4]. Finely ground glass is known to exhibit pozzolanic 

reactivity, and its activity increases as particle size decreases because the specific surface area rises 

and the amorphous network becomes more accessible to dissolution and secondary hydrate 

formation [5]. The ability of glass powder to react with calcium-bearing systems has also been 

confirmed in studies showing that it can consume portlandite and contribute to the formation of 
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additional binding phases, which explains why the particle size of the glass component often 

becomes a key technological variable rather than a secondary parameter [6]. 

In autoclaved sand-lime systems, this issue is especially important because replacing part of 

the quartz component with glass changes both the kinetics of hydrothermal reactions and the 

resulting pore structure. [2] reported that glass sand can improve the compressive strength of 

autoclaved products relative to traditional silicate units, linking this effect to the altered course of 

hydrothermal synthesis and the formation of a favorable microstructure. In a later study, the same 

research group showed that glass-containing autoclaved bricks differ from conventional ones not 

only in strength but also in reaction temperature, phase assemblage, and bond formation, confirming 

that amorphous glass behaves differently from crystalline quartz during processing [3]. Pore-

structure analysis of autoclaved materials modified with glass sand further demonstrated that the 

glass component can substantially change the distribution and character of pores, which is directly 

relevant to water absorption and density [7]. 

At the same time, the literature does not support a universally positive effect of glass 

addition, and this makes optimization necessary. [6], who examined autoclaved silica-lime materials 

made with different waste container glasses, found that the type of glass and the resulting structure 

strongly influenced density, water absorption, and strength, so the benefit of glass incorporation 

depended on the specific formulation rather than on the fact of replacement alone [8]. Similar non-

monotonic behavior is also seen in related autoclaved systems modified by other mineral wastes. 

For example, basalt powder in sand-lime products showed the best results at around 10% addition, 

while higher dosages became less favorable [9]. A later microstructural study of basalt-modified 

autoclave brick confirmed that moderate waste additions can improve performance, whereas 

excessive replacement disrupts the optimal structure formation pathway [10]. In the same way, 

mixture-design work on sand-lime bricks produced with coal tailings showed that strength responds 

sensitively to raw-material proportions, so there is a narrow compositional window in which 

desirable properties are maximized [11]. 

The role of particle size is equally unresolved in the broader brick literature. In fired bricks 

containing waste glass, [12] showed that glass particle size significantly affects density, water 

absorption, compressive strength, and thermal conductivity, and that not every increase in fineness 

is beneficial. [13] also reported that waste glass can increase compressive strength and decrease 

water absorption in brick materials, but the magnitude of the effect depends on dosage and the way 

the glass modifies porosity. [14] found an optimum replacement level for waste glass powder in 

fired bricks rather than a linear improvement with increasing content, which again points to the 

need for dosage optimization. [12], [13], [14] are not directly transferable to autoclaved silicate 

brick, but they consistently show that glass content and dispersity control the balance between 

densification, reactivity, and pore development. 

Thermal performance adds another layer to the problem. In some sand-lime systems, porous 

glass-based additives markedly reduce thermal conductivity by lowering density and increasing 

closed porosity. In contrast, [15] observed in fired clay bricks with waste glass sludge that denser 

microstructures created by glass addition can improve strength while increasing thermal 

conductivity, showing that the thermal effect of glass is system-specific and must be interpreted 

together with density and pore structure [16]. Autoclaved lime-based bricks produced from fly ash, 

sand, and lime also demonstrate that forming pressure has a direct effect on density, compressive 

strength, water absorption, and thermal conductivity, which means that raw-material optimization 

alone is insufficient if technological parameters are not considered simultaneously [1]. Likewise, 

autoclaved lime-saline soil bricks exhibited property changes that depended strongly on 

composition and processing, including durability behavior under freezing and thawing [16]. 

Therefore, the current research problem is not simply whether waste glass can be used in 

silicate brick, but what particle size distribution, dosage, and compaction pressure provide the best 

combined set of physical, mechanical, thermophysical, and durability properties in an autoclaved 

quartz-lime system. Existing studies [2], [3], [8] confirm the relevance of glass waste utilization in 

sand-lime materials, but they do not sufficiently resolve the combined influence of fractional 



Technobius, 2026, 6(1), 0098  

 

particle size distribution, moderate glass content variation, and semi-dry compaction pressure 

within one experimental program. This gap is practically important because an additive that lowers 

water absorption may not necessarily maximize strength, and a denser structure may not 

automatically give the most favorable thermal conductivity. 

Against this background, the present study aims to determine how the fraction size of 

powdered glass waste, its content in the silicate mixture, and the applied compaction pressure 

influence the comprehensive performance of autoclaved silicate brick. To achieve this aim, the 

study evaluates the effects of four glass powder fractions and three dosage levels on density, 

compressive strength, water absorption, thermal conductivity, and frost resistance, identifies the 

most effective glass fraction and content, and then investigates how varying compaction pressure 

affects the properties of the composition found to be optimal. In this way, the work addresses both 

the scientific issue of structure-property relationships in glass-modified silicate systems and the 

practical issue of selecting technologically justified parameters for recycling glass waste in silicate 

brick production. 
 

2. Methods 

 

2.1 Materials 

The experimental study was carried out based on a conventional quartz-lime system widely 

used in the production of silicate brick. The initial raw material was a base silicate mixture obtained 

from a silicate brick manufacturing plant (JSC West Kazakhstan Corporation of Building Materials, 

Uralsk, Kazakhstan). 

According to regulatory documentation [17] for the production of silicate products, the 

silicate mixture consists of quartz sand, construction lime, and water. 

Quartz-feldspar sand from the Melovye Gorki deposit, located 5.5-6 km southeast of Uralsk 

(Kazakhstan), was used as the siliceous component. The silica (SiO2) content in the sand was 

approximately 83.5%, confirming its suitability for use in silicate materials according to [18]. The 

content of quartz sand in the mixture ranged from 70 to 85%. Ground quicklime of slow slaking 

type (Grade I) was used as the binding component. The lime was introduced into the mixture in an 

amount of 8-10 wt.%. The content of amorphous SiO2 in the glass powder is approximately 70-

74%. The glass powder was introduced into the silicate mixture in amounts of 5, 10, and 15 wt.% 

with partial replacement of quartz sand. Glass powder obtained from container glass waste was used 

as a modifying additive. The glass waste was preliminarily crushed and then ground in a laboratory 

ball mill (dry grinding type) of the MSHSP-08 model (JSC Tyazhmash, Syzran, Russia), followed 

by sieving. The particle size distribution of the glass powder was determined by sieve analysis using 

a laboratory vibrating sieve SLV-200-11 (VIBROTECHNIK LLC, Saint Petersburg, Russia). Based 

on the results, the powder was classified into the following particle size fractions: ≤63 μm, 63-140 

μm, 140-315 μm, and 315-630 μm. The selected parameters above correspond to standard 

technological requirements for silicate brick production [19]. 

 

2.2 Experimental program 

The experimental program was aimed at evaluating the influence of the particle size 

distribution of glass powder, its content, and compaction pressure on the performance properties of 

silicate brick. The following parameters were investigated: 

− Glass powder content (5, 10, and 15 wt.%); 

− Particle size distribution (≤63, 63-140, 140-315, and 315-630 μm); 

− Compaction pressure (5-15 MPa). 

The optimal particle size fraction and dosage of glass powder were determined based on a 

comprehensive analysis of the physical, mechanical, and thermophysical properties of the obtained 

specimens. 
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2.3 Specimens preparation 

The initial components were first subjected to dry manual mixing under laboratory 

conditions until a homogeneous mixture was obtained. After dry mixing, water was added to 

achieve a moisture content of 6-8 wt.%, which corresponds to the requirements of semi-dry pressing 

technology widely used in silicate brick production [20]. Specimen forming was carried out using 

the semi-dry pressing method with a hydraulic press, PSU-10 (Tehmash LLC, Chelyabinsk, 

Russia). At the first stage of the experiment, cylindrical specimens with dimensions of 50×50 mm 

were produced at a compaction pressure of 10 MPa (Figure 1). At this stage, the influence of 

different particle size fractions and glass powder content was investigated. 

 

  
Figure 1 – Formed specimens 

 

At the second stage, the compaction pressure was varied in the range of 5-15 MPa for the 

optimal fraction and content of glass powder to assess the combined effect of particle dispersity and 

degree of compaction on the material properties. The incorporation of glass components into silicate 

materials and variations in forming parameters significantly affect the formation of calcium 

hydrosilicate structures and the physical-mechanical properties of autoclaved products [6]. 

 

2.4 Autoclave treatment 

The formed specimens were subjected to autoclave treatment under conditions 

corresponding to the industrial technology of silicate brick production (Figure 2). The treatment was 

carried out in an autoclave (Chemical Equipment and Industrial Fittings Plant, Kielce, Poland). The 

autoclaving regime corresponded to the technological mode applied at the silicate brick plant in 

Uralsk: temperature increase to 174-175 C over 1.5-2 hours, followed by isothermal holding at 

174-175 C and a saturated steam pressure of approximately 0.8 MPa for 6-8 hours. This was 

followed by gradual pressure reduction and cooling to atmospheric conditions over 2 hours. 

 

  
a) Autoclaving b) Cooling 

Figure 2 – Treatment of specimens 
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After completion of the autoclave treatment, the specimens were cooled and conditioned 

under laboratory conditions until stable temperature and mass values were achieved. 

 

2.5 Physical-mechanical testing 

The average density, water absorption, and compressive strength (Figure 3) were determined 

in accordance with the requirements of the regulatory documents [21], [22] in force in the Republic 

of Kazakhstan, which govern testing methods for silicate brick and autoclaved silicate products. 

Compressive strength tests were carried out on cylindrical specimens with dimensions of Ø50×50 

mm. The reported strength values were taken as the average results obtained from a series of tests. 

 

 
Figure 3 – Compression test of specimens 

 

Frost resistance of the specimens was evaluated using a method of repeated freeze-thaw 

cycles in accordance with national regulatory requirements for silicate products [21]. Freezing of 

the specimens was performed in a laboratory freezing chamber of the XR series (YUKON, 

Moscow, Russian Federation). 

 

2.6 Determination of thermal conductivity 

The thermal conductivity was determined on specimens that were preliminarily dried to 

constant mass. Measurements were carried out using an ITP-MG4 device (Stroypribor LLC, 

Chelyabinsk, Russia) based on the probe method. The tests were performed on prepared specimens 

using the transient heat flow method. Measurements were conducted at room temperature. For each 

composition, at least three measurements were performed, and the average value of the thermal 

conductivity coefficient was calculated based on the obtained results. 

 
3. Results and Discussion 

 

3.1 Effect of particle size distribution and glass powder content 

Table 1 and Figure 4 present the physical, mechanical, and thermophysical properties of 

silicate brick produced in different fractions and contents of finely ground glass powder. 
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Table 1 – Effect of glass powder particle size distribution and content on the properties of silicate 

brick (applied compaction pressure of 10 MPa) 
Fraction,  

μm 

Glass 

content,  

% 

Average 

density, 

kg/m3 

Average 

compressive 

strength, MPa 

Average water 

absorption, % 

Average thermal 

conductivity, 

W/(m·C) 

Frost 

resistance, F 

 0* 1850 14.2 14.7 0.87 

F50 

≤63 

5 1820 13.4 12.6 0.80 

10 1860 14.5 11.3 0.77 

15 1835 13.8 11.9 0.78 

63-140 

5 1795 12.4 13.4 0.81 

10 1825 13.4 12.0 0.79 

15 1810 13.0 12.6 0.80 

140-315 

5 1785 12.0 13.9 0.82 

10 1795 12.3 13.5 0.81 

15 1780 12.1 13.8 0.82 

315-630 

5 1765 11.6 14.3 0.83 

10 1770 11.6 14.0 0.83 

15 1760 11.4 14.5 0.84 

* Reference specimen. 

 

 
a) Glass content of 5 % 

 
b) Glass content of 10% 
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c) Glass content of 15% 

Figure 4 – Relative change in the properties of silicate brick compared to the reference specimen 

 

Table 1 and Figure 4 jointly show that the effect of glass powder on silicate brick is 

controlled by both particle size distribution and content, with the finest fraction giving the best 

overall results. The clearest positive effect is observed for the ≤63 μm fraction at 10% addition, 

where the average density increases from 1850 to 1860 kg/m3, compressive strength from 14.2 to 

14.5 MPa, while water absorption decreases from 14.7 to 11.3% and thermal conductivity from 0.87 

to 0.77 W/(m·C). Figure 4 confirms this as the most favorable combination, corresponding to 

+0.54% in density, +2.11% in compressive strength, −23.13% in water absorption, and −11.49% in 

thermal conductivity relative to the reference specimen. A similar positive effect of glass 

incorporation in autoclaved sand-lime systems was reported by [2] and [3], who showed that glass-

containing autoclaved materials can exhibit improved strength and reduced water uptake due to 

favorable hydrothermal structure formation. 

At the same time, Table 1 and Figure 4 show that increasing the content of the same fine 

fraction from 10% to 15% weakens the positive effect: density falls to 1835 kg/m3, compressive 

strength to 13.8 MPa, and the relative change in strength becomes negative (−2.82%). Although 

water absorption (11.9%) and thermal conductivity (0.78 W/(m·C)) remain better than in the 

reference specimen, the overall performance is lower than at 10%, suggesting that excessive glass 

powder reduces structural uniformity. The presence of an optimum additive content rather than a 

monotonic improvement is consistent with the results of [9], who also found that moderate waste 

addition in autoclaved brick was more beneficial than higher dosages. 

For the 63-140 μm fraction, the values in Table 1 remain less favorable than for the finest 

powder, although some improvement is still observed. At 10% glass content, density reaches 1825 

kg/m3, compressive strength 13.4 MPa, water absorption 12.0%, and thermal conductivity 0.79 

W/(m·C). Figure 4 shows that these changes are moderate: density is still 1.35% below the 

reference and compressive strength 5.63% lower, even though water absorption and thermal 

conductivity decrease by 18.37% and 9.20%, respectively. This suggests that with increasing 

particle size, glass powder remains beneficial mainly for physical and thermophysical properties, 

while its strengthening effect becomes weaker. This weaker strengthening effect with increasing 

glass particle size agrees with the general trend reported by [12], who showed that waste-glass 

particle size strongly controls density, strength, and absorption behavior in brick materials. 

For the 140-315 μm fraction, Table 1 shows only limited variation with glass content: 

density remains within 1780-1795 kg/m3, compressive strength within 12.0-12.3 MPa, water 

absorption within 13.5-13.9%, and thermal conductivity within 0.81-0.82 W/(m·C). Figure 4 

likewise shows that all relative changes remain modest and compressive strength stays below the 

0.81

2.16
3.78

4.86
2.82

8.45

14.79

19.7219.05

14.29

6.12

1.36

10.34

5.75
3.45

0

4

8

12

16

20

24

63 63-140 140-315 315-630

R
el

at
iv

e 
ch

an
g
e,

 %
Fraction of glass powder, m

Density

Compressive strength

Water absorption

Thermal conductivity



Technobius, 2026, 6(1), 0098  

 

reference level at all dosages. Thus, this fraction has only a weak modifying effect. The limited 

modification effect observed here is also comparable to the pore-structure study of [7], where the 

performance of autoclaved glass-modified materials was closely linked to how effectively the 

additive altered the porous structure. 

The 315-630 μm fraction gives the least favorable results. According to Table 1, density 

decreases to 1760-1770 kg/m3, compressive strength to 11.4-11.6 MPa, while water absorption rises 

to 14.0-14.5% and thermal conductivity to 0.83-0.84 W/(m·C). Figure 4 confirms the negative 

trend, especially for compressive strength, which decreases by 18.31-19.72% relative to the 

reference specimen. Thus, the unfavorable behavior of the coarsest fraction further supports the 

conclusion that glass in autoclaved silicate systems is most effective in a sufficiently fine state, as 

also indicated in studies of glass-based autoclaved materials [2], [3]. 

Overall, Table 1 provides the absolute values, while Figure 4 clearly highlights the relative 

trends: the beneficial effect of glass powder is strongest for the finest fraction and reaches an 

optimum at 10% content. As particle size increases, the improvement becomes progressively 

weaker, and for the coarsest fraction, the effect becomes unfavorable. 

 

3.2 Frost resistance 

Despite differences in physical and mechanical properties, all investigated specimens 

demonstrated frost resistance at the level of F50. 

 

3.3 Effect of compaction pressure 

            Figure 5 illustrates the effect of compaction pressure on the properties of silicate brick 

produced using the optimal glass powder fraction (≤63 μm) at a content of 10%. 

 

  
a) Physical-mechanical properties b) Hydro-thermal properties 

Figure 5 – Effect of applied compaction pressure on the properties of silicate brick 

 

The results show that increasing the compaction pressure from 5 to 15 MPa leads to an 

increase in the average density of the material from 1810 to 1885 kg/m3, and in compressive 

strength from 12.8 to 15.2 MPa. An increase in compaction pressure promotes the reduction of 

intergranular voids and results in denser particle packing, leading to the formation of a more 

compact silicate matrix. At the same time, water absorption decreases from 12.4 to 11.0%, 

indicating a reduction in the volume of open pores within the material structure. The thermal 

conductivity coefficient varies within the range of 0.77-0.79 W/(m·C), which indicates a minor 

influence of compaction pressure on the thermophysical properties of the material. The observed 

increase in density and compressive strength, together with lower water absorption at higher 

compaction pressure, is consistent with the behavior of other autoclaved lime-based bricks, where 
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denser packing and more favorable structure formation improved the main performance 

characteristics [1]. 

 

3.5. Limitations of the study and prospects for future research 

Despite the obtained results, certain limitations of the present study should be noted. The 

work considered a limited range of glass powder particle size distributions and compaction 

pressure. In future research, it is advisable to expand the range of dispersity parameters 

investigated, as well as to conduct a more detailed microstructural analysis using SEM and XRD 

methods in order to achieve a deeper understanding of the structure formation mechanisms in 

modified silicate systems. 

 
4. Conclusion 

 

This study established that the performance of autoclaved silicate brick modified with glass 

powder depends on the combined influence of particle size distribution, additive content, and 

compaction pressure. Among the investigated fractions, the finest glass powder (≤63 μm) showed 

the highest modification efficiency. At a content of 10 wt.% and a compaction pressure of 10 MPa, 

the material exhibited the most balanced set of properties, reaching an average density of 1860 

kg/m3, compressive strength of 14.5 MPa, water absorption of 11.3%, and thermal conductivity of 

0.77 W/(m·C). These results indicate that finely ground glass powder contributes to the 

densification of the silicate matrix and improvement of both mechanical and thermophysical 

performance. 

An increase in glass powder content from 10 to 15 wt.% did not provide further overall 

improvement, which indicates the presence of an optimum dosage. In addition, as the particle size 

of the glass powder increased from ≤63 μm to coarser fractions, the positive effect became 

progressively weaker, and for the 315-630 μm fraction, the modification efficiency was unfavorable 

relative to the reference composition. This confirms that the reactivity and modifying effect of glass 

powder in silicate systems are strongly controlled by dispersity. 

The variation of compaction pressure for the optimal composition showed that increasing 

pressure from 5 to 15 MPa led to an increase in density from 1810 to 1885 kg/m3 and compressive 

strength from 12.8 to 15.2 MPa, while water absorption decreased from 12.4 to 11.0%. At the same 

time, thermal conductivity remained within a narrow range of 0.77-0.79 W/(m·C), indicating that 

compaction pressure had a stronger effect on physical-mechanical properties than on 

thermophysical behavior. 

For all investigated compositions, frost resistance remained at the level of F50, which 

confirms that the incorporation of glass powder within the studied range did not reduce the frost 

durability of the silicate brick. Overall, the use of glass powder with a particle size ≤63 μm at a 

content of 10 wt.% can be regarded as the most effective solution among the studied variants, and 

the results confirm the practical potential of recycling glass waste in the production of silicate brick 

with improved performance characteristics. 
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Abstract. This study investigates the influence of crushed waste glass (GL) and silica fume (SF) on the densification and 

microstructural characteristics of fired clay ceramics. Ceramic specimens were prepared by partially replacing clay with 

10, 15, and 20 wt.% of GL and SF. They fired at 1050, 1100, and 1125 °C to evaluate the effect of temperature on bulk 

density and to determine the optimal firing regime. Based on density measurements and visual examination, the samples 

fired at 1125 °C were identified as the most effective and selected for further evaluation. Water absorption testing and 

microstructural characterization were conducted for specimens fired at 1125 °C. Increasing firing temperature enhanced 

densification for all compositions. Glass-modified ceramics exhibited the highest bulk density and lowest water 

absorption due to intensified liquid-phase sintering and pore filling. In contrast, silica fume additions resulted in 

comparatively higher porosity and water absorption under identical conditions. Microstructural analysis confirmed a 

denser and more homogeneous matrix in glass-containing specimens with uniformly distributed Si-, Al-, and Ca-rich 

phases. The results demonstrate that both additives can modify the properties of fired clay ceramics; however, crushed 

glass provides a more pronounced improvement in densification and water resistance at 1125 °C. 

Keywords: fired clay ceramics, crushed glass, silica fume, bulk density, firing temperature, microstructure, water 

absorption. 

1. Introduction

Fired clay ceramic materials, such as ceramic bricks, tiles, and construction ceramic products, 

are manufactured by shaping clay raw materials followed by high-temperature firing. During firing, 

sintering, and vitrification (glass formation) occur, which determine the final bulk density, porosity, 

and water absorption (key parameters governing the durability and service performance of ceramic 

products) [1], [2]. As a rule, increasing the firing temperature in the range of 900-1150 °C leads to 

higher density and reduced open porosity; however, it is accompanied by increased energy 

consumption and production costs [3], [4]. Therefore, the development of compositions that enable 

control of sintering and structure formation through mineral additives, including those derived from 

industrial waste, is of particular importance. 

A promising approach involves the use of silica-rich waste, particularly silica fume, which is 

a highly dispersed amorphous silicon dioxide with a typical particle size of less than 1 μm, capable 

of influencing the sintering kinetics and phase formation during firing [5]. Incorporation of silica 

fume in amounts up to 10 wt.% has been shown to increase the strength and density of fired bricks at 

temperatures of 1000-1100 °C, whereas at lower firing temperatures a tendency toward reduced 

density is observed [6]. In several studies, silica fume has also been investigated as part of complex 

waste-containing systems with a total waste content of up to 90 wt.%, highlighting its technological 

potential while simultaneously indicating a strong sensitivity of properties to firing temperature [7]. 
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In parallel with silica fume, waste glass has been extensively studied as an additive for clay 

ceramics. Waste glass has been demonstrated to act as a flux, forming a liquid phase and intensifying 

liquid phase sintering at temperatures as low as 900-1000 °C, thus promoting structural densification 

and reducing porosity [8]. Experimental studies confirm that the incorporation of glass waste at levels 

of 5-10 wt.% leads to increased density and strength and reduced water absorption of fired clay bricks; 

moreover, at 900 °C, properties comparable to those of reference samples fired at 1000 °C can be 

achieved [9]. 

The properties of ceramic materials are influenced not only by composition and additive type 

but also by firing conditions, including temperature and furnace atmosphere [10]. Variations in firing 

conditions (oxidization or reduction atmosphere) at temperatures of approximately 1100-1170 °C 

have been established to significantly alter the phase composition and physical and mechanical 

properties of ceramic products, including increases in density and strength of 10-20% [11]. Related 

studies also indicate that glass waste retains a positive influence on the properties of cementitious and 

mineral materials under thermal exposure up to 600 °C, confirming its stability at elevated 

temperatures [12]. 

Several studies demonstrated the feasibility of using silica fume not only in clay-based 

ceramics but also in specialized high-temperature ceramic systems. For example, effective recycling 

of silica fume waste in the synthesis of β-eucryptite ceramics with the formation of a stable crystalline 

structure at 1000 °C has been reported, confirming its high reactivity during firing [13]. 

For clay ceramics, a more consistent positive effect has been observed with the use of waste 

glass. Increased glass content has been shown to be 30-40 wt.%, and raising the firing temperature to 

1100 °C results in higher density and strength and a reduction in water absorption to levels below 

6%, with glass particle size playing a decisive role [14]. Similar conclusions were obtained when 

waste glass was used in combination with sedimentary materials, where a sintering temperature of 

1050 °C or higher was identified as the key factor controlling structural densification [15]. 

In a broader context of waste recycling in brick production, it is emphasized that the use of 

secondary raw materials can reduce the consumption of natural resources and energy demand [16]. 

However, large-scale industrial implementation remains limited, despite the strength values achieved 

of 15-20 MPa and water absorption below 10% [17]. Reviews of waste glass recycling practices in 

clay bricks also highlight the need to optimize compositions and firing regimes to ensure stable and 

reproducible properties [18]. At the same time, studies focusing on the combined use of silica fume 

with other mineral wastes indicate that brick properties are largely governed by firing temperature in 

the range of 700-800 °C, whereas the influence of additives may be secondary compared to the 

temperature factor [19]. 

Despite the substantial body of research on the use of industrial wastes in clay ceramics, 

existing studies mainly address either waste glass or silica fume individually, or as components of 

complex multi-waste systems. Moreover, organic and inorganic additives exert different effects on 

porosity (increases of up to 30-35%) and mechanical properties, underscoring the need for a clear 

differentiation of their roles in structure formation processes [20]. In addition, the influence of waste 

glass on the durability and transport properties of ceramic products, including water permeability and 

frost resistance, requires further systematization [21]. 

Considering the identified trends, it can be hypothesized that silica fume and waste glass 

modify the sintering behavior of clay ceramics through different mechanisms. Due to its high 

dispersity, silica fume exhibits pronounced temperature sensitivity and can enhance densification or 

increase porosity depending on firing regime [22]. In contrast, waste glass at elevated temperatures 

is expected to provide more stable liquid-phase sintering and pore filling, which can result in reduced 

water absorption and increased bulk density [23]. 

The objective of this study is to systematically evaluate the effects of silica fume and waste 

glass as partial replacements of clay at levels of 10, 15, and 20 wt.% on the densification behavior 

and microstructural evolution of fired clay ceramics. The specimens were fired at temperatures of 

1050, 1100, and 1125 °C to assess the influence of firing temperature on bulk density and to identify 

a rational firing regime. Based on density results, 1125 °C was selected for detailed analysis of water 
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absorption and microstructure using scanning electron microscopy (SEM) and energy-dispersive X-

ray spectroscopy (EDS) techniques. The investigated ceramics are intended for structural and non-

structural clay bricks for masonry applications, including load-bearing and facade units where 

controlled density and reduced water absorption are required. The scientific novelty of this work lies 

in the direct comparison of two widely available silica-rich wastes under identical dosages and firing 

conditions, enabling the establishment of microstructure-property relationships governing 

densification and water resistance of fired clay ceramics and expanding the potential for resource-

efficient ceramic production [24]. 

 
2. Methods 

 

2.1. Raw materials 

For this study, clay obtained from the Almaty deposit (Burunday district, Almaty, 

Kazakhstan) served as the primary raw material. The clay is characterized by a plasticity index of 9.0, 

which corresponds to low plasticity, and is classified as an easy-to-melt material based on its 

refractoriness. According to its technological characteristics, the clay is appropriate for the production 

of frost-resistant ceramic bricks of grades M100 and M125 by plastic molding, in accordance with 

the standard requirements [25]. According to X-ray diffraction analysis, clay is a polymineral material 

dominated by quartz, with the presence of calcite and feldspar (plagioclase). The mineral assemblage 

also includes phyllosilicate phases such as mica (phlogopite) and chlorite, along with minor amounts 

of dolomite. The chemical composition is characterized by a predominance of SiO2 (approximately 

55-60 wt.%) and Al2O3 (about 15-18 wt.%), with minor contents of CaO, MgO, and Fe2O3, as well 

as Na2O (1.88 wt.%) and SO3 (0.74 wt.%). The loss on ignition is about 10.02%, indicating the 

presence of bound water and carbonate components. 

As mineral additives, crushed glass (GL) and silica fume (SF) were used in combination with 

the clay raw material. The silica fume was supplied by “Qazaq Innotec” LLP (Almaty, Kazakhstan) 

and is a highly dispersed by-product of ferroalloy production, characterized by high pozzolanic 

activity. Due to its fine particle size, silica fume was used as a microfiller and reactive additive to 

improve the packing density and microstructural homogeneity of clay-based mixtures [26]. Silica 

fume consisted of ultrafine spherical particles (<1 μm), while crushed glass particles were irregular 

in shape. 

Crushed glass was obtained from recycled construction and demolition glass waste (Almaty, 

Kazakhstan). Before using, the glass waste was ground in a planetary ball mill (XQM-4, Changsha 

Tianchuang Powder Technology Co., Ltd., Changsha, China) to obtain a fine powder. No additional 

chemical or mineralogical analysis was conducted for the crushed glass; its role was limited to that 

of a finely dispersed silica additive introduced into the clay matrix. Both additives were mixed with 

clay in doses of 10, 15, and 20 wt.% relative to the clay mass. 

 

2.2 Preparation of ceramic specimens 

Before specimen preparation, the clay was dried in a drying oven SHS 80-01 SPU (SHS 80-

01 SPU, Smolensk SKTB SPU, Smolensk, Russia) at 105-110 °C, ground, and sieved through a 1 

mm mesh. Silica fume and crushed glass were additionally milled until all particles passed through a 

0.315 mm sieve. Two types of ceramic compositions were investigated. 

After the required proportions (10, 15, and 20 wt.% relative to the clay mass) were weighed, 

the raw materials were first homogenized in a dry state. Subsequently, water was gradually added 

until a plastic and moldable mass was obtained. Cylindrical specimens with a diameter of 50 mm and 

a height of 55 mm were produced for further testing. The specimens were formed using a hydraulic 

press PGM-100MG4A (SKB Stroypribor, Chelyabinsk, Russia) under a compaction load of 6-10 kN. 

The formed samples were dried in an SHS 80-01 SPU drying oven at 105-110 °C for 2 h, after 

which their mass and dimensions were recorded. Thermal treatment was carried out in an SNOL 

1.6/1300 muffel furnace (SNOL ThermoLab, Utena, Lithuania) at temperatures of 1050, 1100, and 
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1125 °C for 1 hour under slightly oxidizing conditions, following the procedure described in [11] for 

fusible ceramic raw materials. 

Two series of ceramic compositions were examined. The first series consisted of clay-silica 

fume mixtures, whereas the second series included clay-crushed glass systems. Based on preliminary 

experimental studies [11], [23], mineral additives were introduced at replacement levels of 10% 

(SF10 and GL10), 15% (SF15 and GL15), and 20% (SF20 and GL20) by weight of clay, resulting in 

ceramic charges containing 90/10, 85/15, and 80/20 clay-to-additive ratios, respectively. The 

reference specimen (C0) with 100% of clay has been prepared. For each composition, two specimens 

have been prepared. The proportions are selected based on previous research by the authors [11], 

[23]. 

Firing shrinkage was not determined quantitatively, as the study focused on densification and 

microstructural behavior. The specimens maintained geometric integrity at 1125 °C, while higher 

temperatures led to noticeable deformation due to excessive vitrification. 

Figure 2 presents photographs of representative specimens fired at 1125 °C, corresponding to 

the temperature at which the maximum values of bulk density were achieved. 

 

 
Figure 2 – Specimens with crushed glass after firing at a temperature of 1125 °C 

 

2.2. Microstructural study 

Microstructural characterization was carried out using Scanning Electron Microscopy (SEM) 

and Energy-Dispersive X-ray Spectroscopy (EDS). The phase composition was investigated by X-

ray diffraction using a DRON-3.0 diffractometer (Bourevestnik, Saint Petersburg, Russia) equipped 

with CuKα radiation and a β-filter. Data were collected in θ-2θ scanning mode at an accelerating 

voltage of 35 kV, a current of 20 mA, and a scanning rate of 2°/min. Phase identification and semi-

quantitative analysis were performed using the ICDD PDF-2 database (International Centre for 

Diffraction Data, Newtown Square, PA, USA). Elemental composition and microstructural features 

of the specimens were examined using a scanning electron microscope (JEOL JSM-7000, JEOL Ltd., 

Tokyo, Japan). Observations were conducted at an accelerating voltage of 10 kV, with a working 

distance of 14 mm, under low-vacuum conditions at ×1000 magnification. 

 

2.3. Physical and mechanical properties 

The average density of the ceramic specimens was calculated from the mass-to-volume ratio 

of cylindrical samples with a diameter of 50 mm and a height of 55 mm. Density values were 

determined in accordance with the methodology described in [23]. 

Water absorption was evaluated as an indicator of the degree of moisture uptake by the 

ceramic material after prolonged immersion in water. The test procedure followed the standard 

requirements [27]. 

 
3. Results and Discussion 

 

This section presents the key experimental results on the effect of crushed waste glass and 

silica fume on the densification and microstructural characteristics of fired clay ceramics. The 

influence of additive type, replacement level, and firing temperature on bulk density, water 
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absorption, and microstructure is analyzed with respect to ceramic materials intended for brick 

production. Each additive was evaluated independently to enable a direct comparison of its effects on 

sintering behavior and structure formation. 

 

3.1. Effect of firing temperature on bulk density, visual appearance, and water absorption 

The effect of firing temperature on the bulk density of the ceramic specimens containing silica 

fume and crushed glass is illustrated in Figure 1, demonstrating the pronounced influence on the 

compaction behavior of all investigated compositions. 

 

  
a) Silica fume (SF) b) Crushed glass (GL) 

Figure 1 – Effect of firing temperature on the bulk density of ceramic specimens with SF and GL 

 

As shown in Figure 1a, for the specimens containing silica fume (SF series), an increase in 

firing temperature from 1050 °C to 1125 °C led to a noticeable increase in bulk density for all additive 

contents. The most significant compaction was observed at 1125 °C, indicating enhanced sintering 

and improved consolidation of the ceramic matrix at this temperature [28]. At lower firing 

temperatures (1050 and 1100 °C), the density values remained comparatively lower, suggesting 

incomplete sintering of the ceramic body. A gradual decrease in density with an increase in the silica 

fume content was observed at all firing temperatures, which can be attributed to the influence of the 

additive on pore formation and vitrification behavior. A similar temperature-dependent trend was 

observed for the compositions containing crushed glass (GL series), as shown in Figure 1b. However, 

at 1125 °C, the highest values of bulk density among all investigated compositions were achieved for 

specimens with crushed glass. This pronounced compaction can be associated with the softening and 

partial melting of the glass phase, which promotes liquid-phase sintering and effective pore filling. 

In contrast, specimens fired at 1050 °C and 1100 °C exhibited reduced densification, indicating 

limited activation of the glass phase at lower temperatures. 

The reduced bulk density observed in silica fume-modified specimens can be attributed to the 

ultrafine particle size and high specific surface area of silica fume [29], which increase water demand 

during shaping and may promote the development of a more open pore structure during firing. Similar 

effects of silica fume on porosity and density of clay-based ceramics have been reported in [6], [19], 

[22]. In contrast to crushed glass, silica fume does not contain significant amounts of fluxing oxides 

and therefore does not effectively promote liquid-phase sintering at the investigated temperatures [9], 

[14]. Consequently, densification is less pronounced compared to glass-modified compositions. The 

silica fume used in this study contains negligible residual carbon, and carbon burnout is not 

considered a governing factor affecting density [6], [13]. 

In general, the results confirm that 1125 °C is an effective firing temperature to achieve 

sufficient compaction of the ceramic compositions investigated. In particular, the specimens 
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demonstrated the highest density values without visible deformation or structural defects. Therefore, 

specimens C0, GL10, and GL15 fired at 1125 °C were selected as the optimal firing temperature for 

subsequent water absorption measurements and microstructural characterization. A similar 

densification trend has been reported in previous studies on waste glass-modified clay bricks [30]. 

Researchers reported that the incorporation of recycled glass led to an increase in bulk density and 

mechanical performance due to liquid-phase sintering, particularly at elevated firing temperatures 

above 1000 °C. Comparable results were also observed by [31], who attributed the enhanced 

densification to the fluxing action of glass waste, promoting pore closure and matrix consolidation 

during firing. In our case, the temperatures above 1125 °C resulted in visible geometric deformation 

of the specimens due to excessive vitrification, suggesting that 1125 °C represents the upper practical 

firing limit for the investigated compositions. 

Water absorption results for specimens fired at 1125 °C are shown in Figure 3. 

 

 
Figure 3 – Water absorption of ceramic specimens modified with SF and GL fired at 1125 °C 

 

As shown in Figure 2, for the silica fume-modified compositions (SF series), water absorption 

increases with increasing additive content and exceeds 6% for SF15 and SF20, indicating the 

formation of a more open pore structure at higher silica fume contents. In contrast, the crushed glass-

modified compositions (GL series) exhibit significantly lower water absorption compared to both the 

reference specimen and the SF series. The reduced water absorption of glass-containing ceramics is 

attributed to improved vitrification and effective pore filling during firing, resulting in improved 

water resistance, which is consistent with findings reported in [32], [33]. Findings [32] demonstrated 

that the incorporation of glass waste into clay ceramics significantly reduced water absorption due to 

enhanced vitrification and sealing of open pores. Similar trends were reported by [33], who showed 

that crushed waste glass contributes to the formation of a dense glassy phase, leading to improved 

water resistance of fired clay bricks. 

 

3.2. Results of microstructural analysis using SEM and EDS 

Figure 4 presents SEM micrographs of ceramic specimens fired at 1125 °C, including the 

reference composition and compositions containing crushed glass. 
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a) C0 b) GL10 

 
c) GL15 

Figure 4 – SEM micrographs of ceramic specimens fired at 1125 °C 

 

It is seen from Figure 4a that the reference specimen (C0) exhibits a relatively heterogeneous 

microstructure with irregularly shaped particles and a noticeable amount of open porosity, indicating 

incomplete compaction of the ceramic matrix. Incorporation of 10 wt.% crushed glass (GL10) led to 

a more compact microstructure formation characterized by smoother particle surfaces and improved 

interparticle bonding, as is seen from Figure 4b. The presence of partially vitrified regions suggests 

the activation of liquid-phase sintering, which contributes to pore filling and enhanced matrix 

consolidation. Further increase in the crushed glass content to 15 wt.% (GL15) resulted in a denser 

and more homogeneous microstructure with reduced pore size and improved particle integration, as 

is seen from Figure 4c. The observed microstructural refinement is consistent with the higher bulk 

density values obtained for glass-containing specimens fired at 1125 °C (Figure 1b). These 

observations suggest the beneficial role of crushed glass in developing vitrification and compaction 

during high-temperature firing. Comparable microstructural features have been reported in earlier 

SEM investigations of glass-containing clay ceramics. Findings in [34] observed smoother particle 

surfaces and reduced open porosity in glass-modified bricks, which were associated with partial 

melting of the glass phase and enhanced interparticle bonding. Similar vitrified regions and pore-

filling effects were also reported by [35] in fired ceramics produced from waste glass mixtures. 

To further clarify the influence of crushed glass on the phase distribution and elemental 

composition of the ceramic matrix, Figure 5 shows the elemental EDS maps of the specimen 

containing 15 wt.% crushed glass fired at 1125 °C, as it exhibited the most favorable compaction 

behavior observed in Figure 4. The maps indicate a relatively uniform distribution of Si and Al 

throughout the ceramic matrix, confirming the formation of a continuous aluminosilicate framework. 
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The presence of Ca and Na is associated with the glass additive and suggests the development of a 

glassy phase that contributes to matrix vitrification. The corresponding EDS spectrum confirms the 

dominance of the Si-Al-O components with minor alkali and alkaline-earth elements, supporting the 

enhanced compaction observed at this firing temperature. 

 

    

 
Figure 5 – EDS elemental maps and corresponding EDS spectrum of GL15 (scale bar: 10 μm) 

 

The detected minor alkali components are consistent with the fluxing role of waste glass 

reported by [32], who noted that Na₂O in the glass additive promotes vitrification and contributes to 

denser fired clay bricks. The predominance of the Si-Al-O matrix in GL15 also agrees with the results 

of [34], who associated waste-glass incorporation with vitrification and glassy-phase formation in 

fired clay bricks. A similar glassy-phase response in glass-containing ceramics was reported by [33]. 

 
4. Conclusions 

 

Based on the experimental results, the following conclusions can be drawn: 

- Increasing the firing temperature from 1050 to 1125 °C led to a significant improvement in 

densification for all investigated compositions, with the highest bulk density obtained at 1125 °C, 

identifying this temperature as the optimal firing condition. 

- The additive type strongly influenced compaction behavior. At replacement levels of 10-20 

wt.%, ceramics containing crushed waste glass consistently exhibited higher bulk density than those 

modified with silica fume, indicating a more effective densification mechanism associated with 

liquid-phase sintering. 

- Water absorption measurements at 1125 °C showed a clear reduction in open porosity with 

increasing densification. Glass-modified ceramics demonstrated the lowest water absorption, 

confirming the pore-filling effect of the glassy phase formed during firing. 
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- SEM and EDS analyses revealed that crushed glass addition produced a denser and more 

homogeneous ceramic matrix with reduced pore size and uniform distribution of Si-, Al-, and Ca-rich 

phases, explaining the enhanced compactness and reduced water absorption. 

Overall, the study demonstrated that the crushed waste glass fired at 1125 °C performs as an 

effective mineral additive for improving the density, porosity-related properties, and microstructural 

characteristics of fired clay ceramics, while further research is required to assess long-term durability 

and industrial applicability. 
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