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Abstract: This study provides a bibliometric analysis of the utilization of Energy Dispersive X-ray Spectroscopy (EDX) 
and Scanning Electron Microscopy (SEM) in the context of soil stabilization. The objective is to assess the applications, 
methodologies, and trends of these techniques in the field of geotechnical engineering. Key research themes were 
identified through a systematic review of publications from leading academic databases, including the interaction 
between soil and stabilizing agents and microstructural analysis. The results suggest that SEM and EDX are essential for 
the optimization of soil stabilization methods, as they provide valuable insights into the physical and chemical properties 
of stabilized soils. The research also underscores the increasing emphasis on sustainable stabilization methods, including 
bio-based materials and eco-friendly stabilizers. Furthermore, the research emphasizes the significance of 
interdisciplinary approaches, which integrate environmental engineering, materials science, and geotechnical 
engineering. Future research will concentrate on the integration of sophisticated simulation models and machine learning 
techniques to enhance soil behavior predictions.  
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1. INTRODUCTION  
The quality and strength of soil directly influence the 
design and performance of infrastructure projects, 
making soil stabilization a critical component in the 
enhancement of soil engineering properties [1]. This is 
particularly true in geotechnical engineering 
applications. Innovative methods for stabilizing soils are 
being investigated to achieve both sustainability and 
efficiency objectives, as challenges associated with soil 
instability, including erosion, settlement, and shear 
failure, continue to escalate. The application of modern 
testing techniques and the use of supplementary 
materials, such as pozzolanic agents, are becoming 
increasingly popular in both research and practice [2]. 
Recent research on advanced soil testing methods has 
highlighted the growing use of SEM and EDX for 
analyzing soil properties at the microstructural level, 
enabling a better understanding of soil behavior under 
stabilization treatments [3]. 
 
The most recent developments in soil stabilization have 
emphasized the importance of comprehending the 
microstructural changes that occur at the particle level 
when stabilizing agents are introduced into soils. Energy 
Dispersive X-ray Spectroscopy (EDX) and Scanning 
Electron Microscopy (SEM) are two essential analytical 
techniques that enable researchers to investigate the 
elemental composition and surface morphology of 
stabilized soils [1,2]. These methods offer valuable 
insights into the chemical and physical interactions 
between the soil matrix and the stabilizing agents, which 
ultimately influence the soil's mechanical properties and 
performance under a variety of environmental 
conditions. 
 
The application of SEM and EDX in soil stabilization 
research has expanded rapidly over the past decade in the 
context of geotechnical engineering. The detailed 

elemental analysis provided by EDX, in conjunction with 
the ability to observe soil at the microscopic level, has 
created new opportunities for the exploration of the 
molecular interactions between various stabilizers and 
soil. The results of these studies are crucial for the 
optimization of stabilization techniques and the 
customization of them to specific soil types and 
environmental conditions, thereby enhancing the 
sustainability and longevity of geotechnical projects. 
 
The objective of this bibliometric analysis is to identify 
and assess the trends and emerging applications of SEM 
and EDX techniques in soil stabilization. This study 
endeavors to offer a comprehensive overview of the 
microstructural behavior of stabilized soils by conducting 
a systematic review and analysis of the existing literature. 
In addition, the paper will provide a comprehensive 
overview of the current state of the field by emphasizing 
the most frequently studied stabilizers, the 
methodologies that were implemented, and the important 
discoveries that have been derived from the research. 
 
A systematic review of research outputs and trends is 
facilitated by bibliometric analysis, which is an effective 
method for evaluating the evolution of scientific topics. 
Bibliometric techniques, including trend mapping, co-
occurrence of keywords, and citation analysis, will be 
employed in this investigation to identify the most 
influential papers, key authors, and major research topics 
within the context of SEM and EDX applications in soil 
stabilization. The growing application of SEM and EDX 
in soil stabilization research is reflected in their 
significant presence in the literature on soil behavior, 
particularly in evaluating the microstructural changes 
induced by various stabilizers [4]. The findings of this 
analysis will not only illuminate the advancement of 
research in this field but also serve as a foundation for 
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future investigations that aim to enhance soil stabilization 
methods by employing sophisticated analytical methods. 
 
The objective of this paper is to establish a clear direction 
for future research in soil stabilization using SEM and 
EDX techniques by synthesizing the results of a variety 
of studies. It will underscore the significance of these 
methods in comprehending the fundamental mechanisms 
of soil stabilization, leading to the creation of more 
environmentally friendly and effective stabilization 
strategies. Furthermore, the potential for further 
improving the comprehension of soil behavior under 
stabilization treatments will be explored through the 
integration of SEM and EDX with other analytical tools 
and computational models. 

 
2. METHODOLOGY 
The methodology employed in this bibliometric analysis 
is summarized in Figure 1. The initial phase of the 
process is Data Acquisition, which entails the acquisition 
of pertinent publications from academic databases. The 
subsequent step is Data Processing, which involves the 
organization and cleaning of the data to guarantee 
consistency and accuracy. This is succeeded by Network 
Visualization, which employs visual tools to generate 
representations that facilitate the identification of 
relationships among authors, keywords, and research 
themes. Cluster Analysis is the subsequent step, which 
involves the grouping of related research topics to 
emphasize the primary areas of focus within the field. To 
identify emerging trends and shifts in focus, Trend and 
Thematic Analysis is then conducted to investigate the 
evolution of research themes over time. The Discussion 
of Results, which concludes the process, provides an 
interpretation of the findings and provides insights into 
the current state of research, as well as recommendations 
for future studies. 
 

 
Fig. 1. Methodology of the Study 

 
2.1 Data Acquisition 
The initial phase of this investigation entailed the 
acquisition of pertinent publications from academic 
databases that are widely recognized, including Scopus, 
Web of Science, and Google Scholar. The search was 
tailored to include specific keywords, such as "soil 
stabilization," "microstructure," "geotechnical 
engineering," and "energy dispersive X-ray spectroscopy 
(EDX)." Peer-reviewed journals, conference 

proceedings, and review articles published between 2010 
and 2024 were the publications that were considered for 
inclusion including studies on sustainable stabilization 
methods such as the use of horsetail ash [6,7]. Only 
publications in English that directly addressed the 
application of SEM and EDX in soil stabilization were 
included. The metadata that was collected was essential 
for bibliometric analysis, and it included publication 
titles, authors, keywords, abstracts, and publication 
years. 
 
2.2 Data Processing  
After the data was collected, it was subjected to a 
comprehensive processing process to guarantee reliable 
and consistent results. The initial step involved the 
elimination of duplicates, which was followed by the 
standardization of author names, institutional affiliations, 
and keyword terms to guarantee uniformity in the dataset. 
Critical metadata, including author affiliations, 
keywords, and publication years, were meticulously 
extracted during this phase. This cleaning and organizing 
process was essential for preparing the data for the 
subsequent stages of analysis, thereby guaranteeing that 
the dataset was prepared for visualization and analysis. 
Subsequently, the cleaned data was exported in formats 
that were compatible with bibliometric analysis tools, 
including CSV and RIS. 
 
2.3 Network Visualization 
To illustrate the relationships between research themes, 
authors, and institutions, software tools such as VOS 
viewer and Bibliophagy were implemented for Network 
Visualization. This entailed the development of co-
occurrence maps, in which nodes represented keywords 
and edges indicated the degree of co-occurrence in the 
gathered literature. The visualization process facilitated 
the identification of critical themes within the research 
area, including the most frequently investigated aspects 
of SEM and EDX applications in soil stabilization. This 
method also facilitated the identification of central and 
peripheral research topics, thereby facilitating a more 
comprehensive comprehension of the field's structure 
and its evolving trends. 
 
2.4 Cluster Analysis 
The application of Cluster Analysis was employed to 
organize research topics that were related based on the 
co-occurrence of keywords. Distinct research clusters 
were established by examining the frequency with which 
keywords were present in the literature. A specific 
thematic area within the literature, such as the study of 
microstructural changes in stabilized soils or the 
evaluation of SEM and EDX applications in geotechnical 
engineering, was represented by each cluster. This 
analysis offered valuable insights into the primary areas 
of research, facilitating comprehension of the 
organization of knowledge in the field and the 
identification of the key topics and emerging trends 
within the literature. 
 
2.5 Trend and Thematic Analysis 
Trend and Thematic Analysis were implemented to 
investigate the temporal progression of research themes 
[8]. This entailed the development of thematic evolution 
maps and Sankey diagrams to monitor the evolution of 
critical research topics over time. These visual tools 
demonstrated the extent to which specific topics were 
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either emphasized or deemphasized during three distinct 
periods: 2010-2014, 2015-2019, and 2020-2024. The 
analysis facilitated the identification of emerging trends, 
including the growing application of SEM and EDX for 
microstructural analysis and the growing interest in eco-
friendly stabilization methods [6]. Furthermore, heatmap 
visualizations emphasize regions with the highest levels 
of research activity, thereby facilitating the identification 
of emerging topics in the field. A thematic map was also 
developed to organize themes according to their 
centrality and density, thereby enabling a clear 
understanding of dominant, niche, and emerging research 
areas. 
 
2.6 Discussion of Results  
The final step entailed the interpretation of the results 
from the network and thematic analysis to derive 
meaningful conclusions about the trends and 
relationships within literature. The primary themes that 
were identified, including the most extensively 
researched soil stabilization techniques and the most 
prevalent applications of SEM and EDX, were 
thoroughly examined. The interconnections between 
these themes were examined, emphasizing the way 
various research topics have developed and influenced 
one another over time. Subsequently, the implications of 
these discoveries were deliberated, providing insights 
into potential areas for future research and proposing how 
these trends could influence the direction of studies that 
are designed to improve soil stabilization techniques 
using SEM and EDX. The analysis also offered 
suggestions for additional research into underexplored 
regions, which will facilitate future advancements in this 
field. 
    

3. RESULTS AND DISCUSSION 
3.1 Network Analysis  
The network visualization demonstrates substantial 
relationships between the keywords "SEM and EDX" and 
"geotechnical," with these terms occupying a central 
position in the analysis, signaling their critical roles in 
current soil stabilization and geotechnical research are 
shown in Figure 2 [6,7]. The terms "scanning electron 
microscopy" (SEM) and "energy dispersive X-ray 
spectroscopy" (EDX) are consistently associated with a 
diverse array of other geotechnical terms, indicating their 
extensive use in the examination of soil properties and 
behavioral characteristics. The growing use of 
sustainable agents, such as horsetail ash, is an emerging 
trend within soil stabilization research [6]. The 
significance of these two techniques in the advancement 
of soil microstructure, which is instrumental in the 
enhancement of soil stabilization methods, is 
underscored by the connection between geotechnical 
engineering and these two techniques [1,3]. 
 

 
Fig. 2. Network Visualization 

 
SEM and EDX are closely associated with terms such as 
"geotechnical properties," "soil testing," and 
"compressive strength" in the central cluster. This 
emphasizes the important role of these two techniques in 
the evaluation of the mechanical and physical 
characteristics of soils. SEM and EDX are indispensable 
for revealing the internal structures and elemental 
composition of soils, which is crucial for determining the 
microscopic interactions between stabilization agents 
and soil [3,8]. The significance of SEM and EDX in 
assessing the engineering properties of stabilized soils is 
further underscored using keywords such as 
"compaction," "permeability," and "compressibility." 
This enables researchers to optimize stabilization 
methods based on the intricate analyses. 
 
Additionally, Figure 2 demonstrates the extent to which 
SEM and EDX are particularly advantageous for 
investigating the microstructural components of soil 
stabilization, as indicated by the proximity of terms such 
as "micro-structural," "morphology," and "cement kiln 
dust." The keywords indicate that a significant portion of 
the research is centered on the impact of various 
stabilizing agents, such as sodium hydroxide and cement, 
on the microstructure of the soil. SEM and EDX enable 
researchers to gain a more comprehensive understanding 
of the physical changes that occur within soil particles 
during the stabilization process and the formation of new 
phases by providing high-resolution images and 
elemental data. This understanding is fundamental to the 
enhancement of soil strength and stability. 
 
Moreover, the network demonstrates the extent of 
geotechnical research that integrates SEM and EDX, as it 
includes additional terms such as "soil types," "sand," 
and "cement" in addition to these keywords. This implies 
that the application of SEM and EDX is not restricted to 
a particular type of soil, but rather encompasses a variety 
of soil categories, such as organic and non-organic soils. 
The selection of stabilizing agents is refined by SEM and 
EDX, which identify the unique characteristics of each 
soil type and how they respond to stabilization 
techniques. 
 
The correlation between environmental factors and 
"SEM and EDX" is another critical observation. The 
prevalence of terms such as "oil spill," "waste disposal," 
and "soil conservation" in relation to these techniques 
indicates that recent research is increasingly emphasizing 
sustainable soil stabilization techniques. The mechanical 
properties of stabilized soils are not the only thing that 
SEM and EDX provide insights into; they also provide a 
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method for evaluating the environmental impacts of 
stabilization agents. In the network, the increasing 
emphasis on biocementation and carbonation 
precipitation underscores the necessity of establishing 
environmentally friendly stabilization methods that 
reduce the environmental impact. 
 
Furthermore, Figure 2 emphasizes the utilization of SEM 
and EDX to evaluate the efficacy of various stabilization 
agents, as evidenced by terms such as "aggregate 
processing," "bentonite slurry," and "sodium." EDX and 
SEM are essential for assessing the efficacy of these 
materials, which are frequently employed in soil 
stabilization. Researchers can enhance the efficacy of 
these stabilizers and mitigate potential drawbacks, such 
as leaching or chemical imbalances, by comprehending 
the interactions at the microstructural level, which are 
critical factors in geotechnical engineering design. 
 
 

 
Fig. 3. Overlay Visualization 

 
The overlay visualization in Figure 3 illustrates the 
temporal evolution of critical terms in the field of soil 
stabilization, with a particular emphasis on the functions 
of energy dispersive X-ray spectroscopy (EDX) and 
scanning electron microscopy (SEM) in geotechnical 
research. The color gradient in the figure, which 
transitions from dark blue (representing earlier years) to 
yellow (representing more recent research), demonstrates 
the increased interest and research activity that have 
occurred over time. This transition demonstrates the 
growing significance of SEM and EDX as instruments 
for comprehending the chemical and mechanical 
characteristics of soils. 
 
The visualization indicates that the terms "geotechnical 
properties," "soil testing," and "compressive strength" 
have garnered substantial attention in recent years, as 
evidenced by their clustering in the green and yellow 
regions. This suggests an increasing reliance on SEM and 
EDX to investigate the complex behavior of soils, 
particularly their stability under a variety of conditions. 
The increased use of these terms in recent years indicates 
that these techniques are being applied more broadly in 
the optimization of soil stabilization methods, 
particularly in the assessment of soil strength and 
structural integrity. 
 
Another noteworthy trend from Figure _ is the increase 
in research that involves specific stabilizing agents, 
including "cement," "aggregate processing," and 
"sodium hydroxide." The extensive application of SEM 
and EDX to investigate the interactions between these 
materials and soils is indicated by the yellow regions of 

the visualization. This emphasis underscores the 
increasing significance of comprehending the impact of 
stabilizers on the microstructure of soil and, as a result, 
its mechanical performance. The objective is to enhance 
the overall efficacy and sustainability of stabilization 
methods. 
 
The network is also becoming more representative of 
environmental considerations, as evidenced by the 
clustering of terms such as "oil spill," "waste disposal," 
and "soil conservation" in the yellow section. SEM and 
EDX are valuable tools for evaluating the environmental 
impact of stabilization agents, as well as for studying 
soil's mechanical properties, as evidenced by this shift 
toward environmental sustainability. The significance of 
the development of eco-friendly stabilization techniques 
that reduce the ecological footprint of construction and 
land development is underscored by the inclusion of 
terms related to sustainability. 
 
Furthermore, the overlay underscores the increasing 
emphasis on microstructural analysis, as terms such as 
"morphology," "cement kiln dust," and "micro-
structural" have become increasingly prevalent in recent 
research. These modifications are indicative of the 
increasing necessity to comprehend the minuter details of 
the microscopic interactions between soil particles and 
stabilization agents. These interactions and the formation 
of new mineral phases are essential for the enhancement 
of soil stabilization strategies, and SEM and EDX 
provide researchers with the tools to investigate them. 
 
The temporal trends also illustrate the heightened 
diversity of soil types that are considered in stabilization 
studies, as terms such as "sand," "soil types," and 
"organic soil" have become more pertinent in recent 
research. This implies that SEM and EDX are being 
implemented in a broader spectrum of soil conditions, 
thereby enabling the customization of stabilization 
strategies to the unique requirements of various soil types 
that are encountered in geotechnical engineering 
projects. 
 

 
Fig. 4. Density Visualization 

 
The density visualization offers a comprehensive 
understanding of the intensity of critical research terms 
in the field of geotechnical engineering and soil 
stabilization, with a particular emphasis on energy 
dispersive X-ray spectroscopy (EDX) and scanning 
electron microscopy (SEM). The frequency and 
significance of terms in recent studies are represented by 
the color gradient, which ranges from dark blue (low 
density) to bright yellow green (high density). 
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The density visualization clearly demonstrates that the 
terms "scanning electron microscopy" and "soil testing" 
are the most prominent, with the highest concentration of 
related keywords surrounding them. This suggests that 
these techniques are essential to the current research on 
soil stabilizations. The microstructural and mechanical 
properties of soils are critical, as evidenced by the dense 
clustering of keywords such as "geotechnical properties," 
"compressive strength," and "stabilization" around SEM 
and EDX. 
 
The significant highlight of this visualization is the high 
density surrounding "geotechnical properties" and "soil 
testing," which implies that SEM and EDX are being 
used more frequently to analyze these properties in 
greater detail. This suggests a heightened emphasis on 
the utilization of advanced microscopy to evaluate soil 
behavior under varying conditions and to enhance soil 
stabilization methods, with a particular emphasis on soil 
strength and performance. 
 
The concept that these methods are essential for assessing 
the mechanical performance of stabilized soils is further 
substantiated by the prominent appearance of the term 
"compressive strength" in the middle of the visualization. 
The significance of comprehending the impact of 
stabilizing agents on the strength of soils, which is a 
critical factor in ensuring the stability of infrastructure, is 
underscored by the high density surrounding this term. 
 
Furthermore, the visualization incorporates 
environmental concerns, as evidenced by the presence of 
terms such as "oil spill," "waste disposal," and "soil 
conservation" near the central cluster. This suggests that 
research is not solely focused on enhancing soil strength; 
it is also concerned with investigating the environmental 
consequences of soil stabilization techniques. The recent 
emphasis on sustainable practices in geotechnical 
engineering is further substantiated by the proximity of 
keywords related to "biocementation" and "carbonation 
precipitation," which indicates a transition to more 
environmentally friendly methods of enhancing soil 
properties. 
 
"Micro-structural," "morphology," and "cement kiln 
dust" are also strongly represented, indicating a growing 
interest in the study of soil at the microscopic level to 
comprehend the granular interactions between 
stabilization agents and soil. SEM and EDX are essential 
for the refinement of stabilization techniques, as they 
provide high-resolution insights into the structural 
changes that occur during stabilization. 
 
Lastly, the presence of terms such as "cement," 
"aggregate processing," and "sodium" suggests that 
researchers are focusing more on the effects of specific 
stabilizers on soil properties, particularly with the 
assistance of SEM and EDX. The clustering of these 
terms around SEM and EDX indicates a deliberate 
endeavor to assess the effects of a variety of stabilizing 
agents at the microscopic scale to optimize stabilization 
methods. 
 
3.2 Identification of Influential Contributors and 
Trends 

 
Fig. 5. Network Visualization of Authors 

 
The relationships between various authors in the field of 
soil stabilization and geotechnical research are illustrated 
in the network visualization for authors in Figure 5. The 
connections (edges) between the nodes indicate co-
authorship, while each node represents an individual 
author. This suggests that researchers collaborated. The 
stronger the co-authorship relationship between those 
specific authors, the closer the nodes are to each other. 
 
The network is comprised of numerous authors, such as 
Chuyaco, Francis Matthew, Ubay-Anongpouth, Irene 
Olivia, Galupino, Joenel, Tan, Florissa, and Vasquez, 
Audrey Kashmir, as illustrated in Figure 5. The edges 
that connect these authors suggest a collaborative effort 
in their research, suggesting that they have collaborated 
on projects or publications related to soil stabilization and 
geotechnical engineering. 
 
The authors' relative positions within the network 
indicate the extent of their interaction. It is probable that 
authors who are in closer proximity, such as Chuyaco, 
Francis Matthew, and Vasquez, Audrey Kashmir, have a 
greater number of joint publications or co-authorships. 
Conversely, authors who are situated at a greater distance 
from one another, such as Galupino, Joenel, and Tan, 
Florissa, may have a smaller number of co-authored 
works or are members of distinct research groups. The 
visualization helps to identify key contributors and their 
connections within the academic community by 
providing a quick overview of the collaborative 
landscape within this research area. 
 
This network analysis enables researchers to identify 
potential clusters of authors who collaborate frequently, 
thereby enabling them to visualize trends in 
collaboration. An understanding of these networks can 
assist in the identification of leading research groups, 
potential collaborators, and the dissemination of 
knowledge across various domains of soil stabilization 
and geotechnical engineering. 
 
3.3 Thematic Analysis  
A comprehensive visualization of the research landscape 
on SEM and EDX applications in soil stabilization is 
provided by the thematic map of the study shown in 
Figure 6. The map illustrates the positioning of various 
research topics within the broader field by categorizing 
themes based on their development degree (density) and 
relevance degree (centrality, respectively). Themes are 
designated to four distinct quadrants: Basic Themes, 
Emerging or Declining Themes, Niche Themes, and 
Motor Themes. This organization enables a more 
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profound comprehension of the field's dynamics and 
guides the direction of future research. 
 

 
Fig. 6. Thematic Map of the study 

 
Motor Themes are the most central and highly developed 
topics within the field, clustered in the upper-right 
quadrant. Here, themes such as microstructural analysis 
and durability are identified, suggesting that they are 
significant to the development of research in SEM and 
EDX applications for soil stabilization. It is imperative to 
comprehend and enhance soil stabilization techniques, as 
these themes have undergone substantial advancements. 
The centrality of these areas in the map emphasizes their 
influence on the direction of research and their 
interconnection with other core areas of soil engineering. 
 
The Niche Themes, which are situated in the upper-left 
quadrant, are specialized topics that, despite their high 
level of development, are not as important to the wider 
research discourse. The quadrant of this study contains 
themes such as unconfined compressive strength. Within 
the broader context of soil stabilization, these topics are 
well-established and have substantial research support; 
however, they are more narrowly focused. Despite their 
significance in specific applications, they are not as well-
integrated into the central discourse regarding SEM and 
EDX in soil stabilization, which implies a more 
specialized field of investigation. 
 
The subjects that are fundamental to the field but may 
still be in the early stages of development are included in 
the lower-right quadrant, which is referred to as Basic 
Themes. For example, these are critical components of 
soil stabilization that necessitate additional investigation, 
suggesting that hydration and compaction activity may 
be present. Despite the heightened relevance (centrality) 
of these themes, their density (development) continues to 
increase. The significance of ongoing research in these 
fundamental areas is underscored by this quadrant, as 
they establish a solid foundation for the advancement of 
the more intricate applications of SEM and EDX in soil 
stabilization. 
 
Located in the lower-left quadrant are the Emerging or 
Declining Themes. This encompasses topics with low 
centrality and density, which implies that they are either 
older topics that may be losing prominence or emerging 
topics that have not yet been fully integrated into 
mainstream research. For example, this section may 
encompass conventional soil stabilization techniques or 
more general, less specific research topics. As the field 
of SEM and EDX in soil stabilization continues to 
expand and develop, the positioning of these themes 
suggests that they may either become more central 
research areas or lose relevance. 

 
Not only does the thematic map emphasize the most 
developed and central themes, but it also reveals the 
changing nature of the research focus. Current primary 
areas of interest are reflected in the Motor Themes, while 
Niche Themes indicate specialized but significant topics. 
The map's division into quadrants offers a structured 
approach to comprehending the application of SEM and 
EDX techniques to soil stabilization, directing future 
researchers toward areas that require further exploration 
or have not yet garnered significant attention. 
 
Emerging or Declining Themes quadrant offers a critical 
viewpoint on the development of soil stabilization 
research. It implies that certain methods or concepts may 
not be as prevalent in the current research landscape, 
providing valuable insights into the field's evolution. On 
the other hand, the Basic Themes quadrant emphasizes 
ongoing research in foundational areas that may result in 
more comprehensive soil stabilization solutions in the 
future. 
 
3.4 Methodologies 
Several methodologies are evident in the bibliometric 
analysis of SEM and EDX applications in soil 
stabilization [9]. The primary methodology employed is 
quantitative bibliometric analysis, which involves the 
collection and analysis of metadata from peer-reviewed 
journals, conference proceedings, and review articles [7]. 
The relationships between keywords, authors, and 
institutions in the research field were revealed using tools 
such as VOSviewer and Biblioshiny to visualize co-
occurrence networks. The core areas of focus within 
SEM and EDX applications were identified by utilizing 
cluster analysis to group related themes based on 
keyword co-occurrence. Furthermore, visual tools such 
as heatmaps, Sankey diagrams, and thematic maps were 
employed to conduct trend and thematic evolution 
analysis to monitor the evolution of research topics over 
time. These methodologies have enabled a more 
profound comprehension of the integration of SEM and 
EDX techniques into soil stabilization research, thereby 
identifying critical emerging trends and established areas 
of study. 
 
3.5 Applications  
The practical applications of SEM and EDX in soil 
stabilization research are extensive and have substantial 
real-world implications [6]. The microstructural changes 
in soils that occur when stabilized with a variety of 
agents, such as cement, lime, or pozzolanic materials, are 
investigated using these techniques [2,3]. This enables 
engineers and researchers to evaluate the performance of 
soils under a variety of conditions. Researchers can gain 
insight into the effectiveness of stabilizers at the particle 
level by identifying the chemical composition and 
morphology of stabilized soils using SEM and EDX [8]. 
These methods are essential for enhancing soil 
stabilization, thereby rendering them more 
environmentally friendly, cost-effective, and efficient. In 
addition, the data collected through SEM and EDX 
applications is utilized to inform the design and testing of 
road infrastructure, thereby enhancing the long-term 
stability and durability of roads, highways, and 
embankments in a variety of regions. In addition to 
supporting policymaking, the insights obtained from 
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these studies also offer evidence-based recommendations 
for infrastructure development and soil management. 
 
3.6 Comprehensive Narrative of Field Progress 
The dataset indicates a distinct trend in the development 
of SEM and EDX applications in soil stabilization 
research. Traditional stabilization methods, such as 
cement and lime treatments, were the primary focus of 
early studies. However, more recent research has shifted 
toward sustainable and eco-friendly stabilization 
techniques, including the use of agricultural waste and 
bio-based stabilizers, such as horsetail ash [6]. The 
integration of sophisticated techniques such as SEM and 
EDX has resulted in a more precise comprehension of 
soil behavior at the microstructural level, which has 
facilitated the development of more targeted and efficient 
stabilization strategies. Furthermore, this field is 
increasingly embracing an interdisciplinary approach, in 
which geotechnical engineering, materials science, and 
environmental engineering are combined to address the 
challenges of enhancing soil stability in an 
environmentally sustainable manner. This change 
underscores the necessity of a comprehensive approach 
to comprehending soil dynamics and stabilization 
techniques, as soil stabilization research becomes 
increasingly intricate and multifaceted. 
 
3.7 Future Research 
It is anticipated that future research in the application of 
SEM and EDX for soil stabilization will concentrate on 
the development of advanced simulation models and 
machine learning techniques to more accurately predict 
soil behavior [10]. Through the integration of 
computational models with SEM and EDX, researchers 
can simulate a variety of stabilization scenarios and 
forecast the long-term performance of soil under varying 
environmental and loading conditions [7]. Furthermore, 
there is a growing acknowledgement of the significance 
of sustainable stabilization methods that mitigate the 
environmental consequences of conventional stabilizers. 
Research may concentrate on the examination of 
alternative stabilizers, such as bio-based materials, and 
the assessment of their efficacy using SEM and EDX. 
The application of nanotechnologies in soil stabilization 
is another emerging area for future exploration. SEM and 
EDX can offer critical insights into the effects of 
nanoparticles on soil microstructure. To expedite the 
development of more sustainable and effective soil 
stabilization techniques, it will be imperative to engage 
in collaborative efforts across global research 
communities to share findings, methodologies, and 
technological advancements. 
 
4. CONCLUSIONS 
This research provides a thorough bibliometric 
examination of the applications of Energy Dispersive X-
ray Spectroscopy (EDX) and Scanning Electron 
Microscopy (SEM) in soil stabilization. This analysis has 
uncovered the increasing importance of SEM and EDX 
in the field of geotechnical engineering by conducting a 
comprehensive literature review. These methods offer 
researchers valuable insights into the microstructural 
behavior of stabilized soils, allowing them to 
comprehend the complex chemical and physical 
interactions between soil and stabilizing agents. The 
application of SEM and EDX has been demonstrated to 
improve the accuracy and efficacy of soil stabilization 

methods, thereby facilitating the development of more 
sustainable and efficient techniques. 
 
Microstructural analysis and durability, which are 
classified as Motor Themes, are the most central research 
themes in soil stabilization, as demonstrated by the 
findings of this study. In recent years, these themes have 
become critical areas of focus, illustrating the growing 
significance of SEM and EDX in the evaluation of soil 
properties and the optimization of stabilization methods. 
The study also identified specialized Niche Themes, such 
as unconfined compressive strength, which are still 
significant but are more focused on specific aspects of 
soil stabilization. These results indicate that certain 
research areas are highly developed, while others are 
more specialized and less integrated into the broader 
research landscape. 
 
Additionally, the research revealed a growing interest in 
sustainable stabilization methods, as evidenced by the 
increasing prevalence of environmentally friendly 
techniques. The incorporation of SEM and EDX in the 
assessment of alternative stabilizers, including bio-based 
materials and nanoparticles, indicates a transition to more 
environmentally conscious soil stabilization methods. 
This trend is consistent with the growing demand for 
sustainable construction practices, and the utilization of 
SEM and EDX presents a promising opportunity to 
improve the efficacy of these methods. The study also 
emphasizes the ongoing necessity for interdisciplinary 
research that integrates geotechnical engineering, 
materials science, and environmental engineering to 
confront the intricate challenges of soil stabilization. 
 
To enhance the accuracy of soil behavior predictions, 
future research in this field is anticipated to concentrate 
on the development of sophisticated computational 
models and the integration of machine learning 
techniques with SEM and EDX. Furthermore, there is 
substantial potential for the further investigation of eco-
friendly stabilizers and the integration of 
nanotechnologies into soil stabilization. It will be 
imperative to engage in collaborative global research 
initiatives to expedite progress in these fields, thereby 
guaranteeing the creation of soil stabilization techniques 
that are more cost-effective, sustainable, and efficient. 
Ultimately, researchers can contribute to the global 
advancement of infrastructure resilience by further 
improving the durability and performance of 
geotechnical projects through the continued refinement 
of these methodologies. 
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