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ABSTRACT: Pumice sand is a volcanic material widely distributed in volcanic areas such as Japan, Indonesia, 
and countries traversed by volcanic mountains. Geotechnical problems regarding pumice sand often occur in these 
areas, such as landslides because of the pumice crushable structure. Based on previous research, some failure 
phenomena are caused by the existing pumice layer, and not so many studies describe the behavior of pumice 
single particle located at Kyushu Island, Japan. This study conducted a series of tests to clarify pumice material's 
microscopic and mechanical properties. Scanning Electron Microscopy (SEM) and Energy Dispersive 
Spectroscopy (EDS) tests were carried out on pumice materials to determine the microscopic and chemical 
compounds in the pumice material. Then, single-particle crushability tests were carried out as representative of the 
mechanical behavior of pumice sand particles. The approach using linear regression fitting is carried out using 
conventional frequentist and Bayesian hierarchical approaches to obtain the strength behavior of the pumice sand. 
An overview of pumice microscopy conditions and minerals can be helpful when ground improvement and soil 
stabilization are discussed for this pumice material and the effect of particle shape on pumice strength is observed. 
According to this study, oxygen, silica, and alumina dominate pumice sand chemical components. The aspect ratio 
and the roundness coefficient of pumice sand do not significantly impact particle stress. Particle size reduces and 
increases particle stress in single-particle crushability tests. Single-particle crushability reduces pumice particle 
pore area and increases the number of pores.   
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1. INTRODUCTION 
 

Pyroclastic rocks comprise discrete particles that 
are ejected from volcanic vents as a result of 
explosions. A variety of pyroclastic deposits are 
generated by explosive volcanic eruptions [1, 2]. The 
pyroclastic fragments, such as pumice and glass 
fragments, exhibit distinct characteristics. The rapid 
formation of pyroclastic fragments is a characteristic 
feature, which is a clear contrast to the gradual 
disintegration of general rocks caused by the 
processes of weathering and erosion. Pumice, a glassy 
volcanic rock with high pores, is white or pale grey to 
brown in color; pumice sand is subject to 
pulverization during seismic events, which may 
potentially induce landslides and liquefaction. 
Several regions with active volcanoes, including 
Indonesia, Japan, New Zealand, and the United States, 
exhibit pumice layers in multiple locations at some 
points attributed to the failure, which causes 
landslides or liquefaction phenomena [3–7]. To fully 
understand the behavior of pumice particles, it is 
crucial to consider both the general properties of 
pumice and the failures resulting from the presence of 
the pumice layer. A group of researchers performed 
individual particle strength tests to characterize the 
behavior of the particles in a material [8–13]. The 

primary objective of the single-particle test is to 
assess the capacity of individual particles to endure 
compression or fracture when subjected to a specific 
force and to ascertain the mechanical strength of the 
particles being examined [14, 15]. 

Previous studies were conducted by Orense R. P., 
Pender M. J., Hyodo M., and Nakata Y. [16]. 
Regarding the characteristics of pumice using pumice 
material originating from New Zealand, several tests 
were carried out to describe the characteristics of this 
pumice, such as single particle test, SEM, and 
monotonic and cyclic triaxial tests. The results of 
single-particle strength show that the strength is lower 
than silica sand grains. Then Kasama K., Furukawa 
Z., and Yasufuku N. [5] also researched pumice, for 
which pumice material was obtained from Takanodai 
Village, Minami Aso, Kumamoto, Kyushu, Japan. In 
this place, a landslide had occurred on a relatively 
gentle slope. In the initial investigation, it was 
suspected that a pumice layer had become the slip 
surface potential. Several tests were carried out on 
this study, such as single particle strength, cyclic box 
shear test, and numerical modeling. Based on that 
study, it is known that pumice has a character that is 
easily crushed, where the single-particle strength 
value is also lower than silica sand materials in 
general. Sumartini W. O., Hazarika H., Kokusho T., 
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Ishibashi S., Matsumoto D., and Chaudhary B. [17] 
also conducted a study at the same location at 
Takanodai Village by carrying out SEM, chemical 
component, and triaxial cyclic tests. In this study, the 
effect of liquefaction of pumice material on 
earthquakes was observed. Furthermore, there was 
also research conducted by Kikkawa N., Pender M. J., 
and Orense R. P. [18], which compared the 
geotechnical properties of pumice sand from the 
Osumi-peninsula in Southern Kyushu, Japan, and 
New Zealand. The tests carried out were the drain 
triaxial test and sieve analysis. These studies showed 
that the properties of the materials were very similar 
despite their different origins and particle size 
distributions. 

Based on an explanation of pumice studies by 
previous researchers, most of the approach used was 
conventional frequentist. The uncertainties are not 
quickly addressed under the frequentist thinking 
framework but rather necessitate Bayesian reasoning. 
Bayesian thinking pertains to the processes of 
judgment and belief. This phenomenon results in 
highly significant deductions even when the available 
data is limited [19, 20]. Whereas in this research, the 
approach used Bayesian methods that can handle 
complex models and hierarchical structures more 
efficiently than frequentist methods, and there are 
limited studies on the single-particle strength of 
pumice in various locations, particularly in the 
Kyushu area. Based on some failure phenomena 
caused by pumice material, it is crucial to understand 
the properties of individual pumice sand, especially 
pumice particles, to illustrate the microstructural 
behavior of pumice as a basis for the following study.  

This study aims to discover particle pumice 
characteristics by carrying out SEM, EDS, and single-
particle strength behavior using Bayesian approach, 
which previous researchers have not mentioned. 
Furthermore, discovering the influence of particle 
shape on single-particle strength is also conducted in 
this study. This study consists of 7 parts: introduction, 
research significance, material and method, results 
and discussion, and finally the conclusion. 

 
2. RESEARCH SIGNIFICANCE 

 
This research attempts to provide a 

comprehensive analysis of the particle properties of 
pumice, with a specific emphasis on the Kyushu 
region of Japan as the primary area of investigation. 
Pumice, in particular, is the subject of this 
investigation and has often been the cause of failure 
on several occasions. This study aims to improve 
comprehension of crushable materials in terms of 
microscopy and mechanical behavior. Furthermore, 
the analysis presented in this study provides essential 
insights that can be utilized to investigate crushable 
materials utilized in construction projects throughout 
future research. 

3. MATERIAL AND METHOD 
 
3.1 Material 
 

The pumice material utilized in this study was 
collected at the Miyakonojo City area of Kyushu 
Island, Japan; this pumice is often used for 
agricultural purposes and sold by local companies in 
that area. The sample was sieved, providing the 
results in Fig. 1. 
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Fig. 1 Grain size distribution 
 

The uniformity coefficient (𝑈𝑈𝑢𝑢) of this sample is 
calculated by Eq. (1), and the coefficient of curvature 
(𝑈𝑈𝑐𝑐′) is calculated by Eq. (2). 
 

𝑈𝑈𝑢𝑢 =
𝐷𝐷60
𝐷𝐷10

 (1) 

 

𝑈𝑈𝑐𝑐′ =
(𝐷𝐷30)2

(𝐷𝐷60 × 𝐷𝐷10) (2) 

 
𝐷𝐷60 is the diameter of 60% passing material, 𝐷𝐷30 

is the diameter of 30% passing material, and 𝐷𝐷10 is 
the diameter of 10% passing material. Based on this 
calculation, we obtained the 𝑈𝑈𝑢𝑢 value of 2.93, which 
was classified as poorly graded (P) where 𝑈𝑈𝑢𝑢  < 10, 
and 𝑈𝑈𝑐𝑐′ value of 1.33. Based on the JGS 0051-2009 
standard, the results can be categorized as a fine 
fraction <5% and a gravel fraction <5% belonging to 
the sand poorly graded (SP) category.  

The outcomes of the sieve analysis involved the 
identification of three primary sizes, which were the 
specimens retained by the 2.000 mm sieve, the 0.850 
mm sieve, and the 0.425 mm sieve. Due to the 
presence of a minor quantity of black sand material in 
the sample, it is imperative to segregate the material 
and solely extract the pumice material to conduct tests. 
Subsequently, we process the pumice substance in a 
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dry state, as shown in Fig. 2. 
Fig. 2 shows three discrete classifications of 

materials that are intended for analysis, specifically: 
(a) materials that retained a size of 2.000 mm (sample 
L), (b) materials that have retained a size of 0.850 mm 
(sample M), and (c) materials that have retained a size 
of 0.425 mm (sample S). The current study involved 
extracting 135 samples from the given set of materials, 
where each sample was explicitly designated for a 
single-particle crushability test. 
 

 
 
Fig. 2 Pumice sand 
 
3.2 Microstructural and Chemical Components 
 

The utilization of Scanning Electron Microscopy 
(SEM) and Energy Dispersive Spectroscopy (EDS) 
was conducted before and after the single-particle 
crushability test. Before conducting SEM and EDS 
testing, a platinum (Pt) coating was utilized for 
sample preparation. The purpose of conducting SEM 
testing is to visually represent the pores in pumice 
material before and after single-particle crushability 
testing. On the other hand, EDS testing aims to 
identify the chemical compounds present within the 
pumice material. In EDS analysis, it is only discussed 
before the crushability test because no special 
treatment is carried out, so it is assumed that the 
chemical components of the sample remain the same. 
 
3.3 Single-Particle Crushability Test 
 

The single-particle crushability testing was 
conducted by preparing the sample and performing 
individual testing for each particle. Initially, the 
dimensions of the sample were measured in terms of 
length, width, and height. Subsequently, a photograph 
of the sample was taken with a known object of 
reference to enable scaling and subsequent 
comparison with manual measurements. The testing 
apparatus is equipped with several components, 
including a load cell, sample plate, pedestal, piston, 
LVDT, apparatus control, data logger, and computer.  

The sample was placed on a pedestal and 

subsequently elevated through the use of an apparatus 
control until the uppermost portion of the sample 
made contact with the load cell. The load cell utilized 
had a capacity of 100 N and a precision of 0.0001 N. 
Subsequently, an LVDT was prepared to measure the 
displacement of the instrument, with an LVDT 
precision of 0.005 mm. Once the sample, load cell, 
and LVDT are prepared, the instrument is adjusted to 
zero using a data logger application on a computer. 
The compression rate is set at 0.50 mm/min. 
Subsequently, the load cell and LVDT readings will 
be recorded by a data logger and transmitted to a 
computer. 

Subsequently, the stress on the particle is 
calculated using Eq. (3). 
 

𝝈𝝈𝟏𝟏 =
𝑭𝑭𝟏𝟏
𝑨𝑨  (3) 

 
Where 𝜎𝜎1 is the first fracture stress, 𝐴𝐴 is the area 

of the sample, 𝐹𝐹1 is the first peak of the single-particle 
crushability test result as can be seen in Fig. 3. 
Furthermore, linear regression analysis is done using 
conventional methods and using the Bayesian 
approach in which equations for the Bayesian method 
can generally be seen in Eq. (4). 
 

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0

100

200

300

400

Fo
rc

e 
(N

)

Displacement (mm)

First fracture (F1)

 
 
Fig. 3 Typical test result 
 

𝒑𝒑(𝜽𝜽|𝒚𝒚) =
𝒑𝒑(𝜽𝜽)𝒑𝒑(𝒚𝒚|𝜽𝜽)

𝒑𝒑(𝒚𝒚)  (4) 

 
The prior probability, denoted as 𝑝𝑝(𝜃𝜃), refers to 

the probability of hypothesis 𝜃𝜃  being true, 
irrespective of any observed evidence. The 
probability of the data, denoted as 𝑝𝑝(𝑦𝑦) represents the 
likelihood of observing the given evidence, 
irrespective of any specific hypothesis. The 
probability of data 𝑦𝑦, given that hypothesis 𝜃𝜃 is true, 
denoted as 𝑝𝑝(𝑦𝑦|𝜃𝜃) represents the likelihood of data 𝑦𝑦 
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under the condition of hypothesis 𝜃𝜃 . The posterior 
probability, denoted as 𝑝𝑝(𝜃𝜃|𝑦𝑦) , represents the 
probability of hypothesis 𝜃𝜃 given the observed data 𝑦𝑦. 
In Bayesian hierarchical analysis this model uses the 
packages available in Python libraries. 
 
4. RESULTS AND DISCUSSIONS 
 
4.1 Chemical Components 
 

The chemical component testing was conducted 
through EDS analysis. Before the testing, a platinum 
coating was applied to the pumice sample, as the high 
vacuum system utilized in this analysis necessitates a 
coating. Three sampling points were selected for EDS 
observation, and their average was taken. The 
sampling point positions can be observed in Fig. 4. 
Each sampling point was subsequently analyzed, and 
the average chemical components were obtained, as 
depicted in Fig. 5. Fig. 5 is an example of analysis for 
point spectrum 9, and the results are summarized in 
Fig. 6. 

Fig. 6 illustrates that the most abundant chemical 
component is Oxygen (O) at 69.39%, Silica (Si) at 
12.65%, Alumina (Al) at 7.46%, followed by other 
chemical components percentages below 3% for each, 
and total other chemical components at 10.50%. That 
is consistent with the findings of previous studies that 
reported that the chemical composition of pumice is 
predominantly composed of the minerals of silica 
(SiO2) and alumina (Al2O3) [21, 22]. 

 
4.2 Particle Strength 
 

In this study the number of tests was tried to be 
increased, particle strength analysis employs the 
conventional frequentist and Bayesian hierarchical 
methods to obtain a linear correlation between 
particle size and particle stress. Fig. 7 is the sole 
outcome of a Bayesian hierarchical analysis 
conducted after using all available data. The left 
figure presents the density function from the intercept 
and slope of the linear fitting, and the right side 
presents the trace from the Markov Chain Monte 
Carlo (MCMC) with 2000 samples. 

In Fig. 8 can be seen as two statements of data 
fitting, with red lines presenting the frequentist 
method and blue lines presenting the Bayesian 
hierarchical method. In Fig. 8, dashed red lines from 
frequentist analysis can be seen in the particle stress 
testing indicating a negative correlation between 
particle size and stress, whereby an increase in sample 
size results in a decrease in the stress that can be 
sustained. The dashed-dotted red line represents the 
fitting based on the entire dataset, while the dashed-
dotted blue line represents the fitting based on the all 

sample groups (sample L, M, and S) of the Bayesian 
hierarchical method.  

 

 
 
Fig. 4 EDS point sampling 
 

 
 
Fig. 5 EDS results 
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Fig. 6 Chemical component 
 

It can be seen from the results of the Bayesian 
analysis in Fig. 8 that they are in line with frequentist 
results because due to the large volume of data used 
in frequentist analysis, which leads to a slight bias in 
interpreting the results. The linear fitting results, like 
those shown in Table 1, can be used as a benchmark 
for the relationship between particle size and particle 
stress in pumice particles with boundary conditions of 
particle size based on this study. 

Spectrum 9 Spectrum 11 

Spectrum 10 

Spectrum 9 
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Fig. 7 Bayesian analysis results for all data 
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Fig. 8 Data fitting 
 
Table 1 Fitting equation result 
 

Method Sample Equation 

Frequentist 

All Data y = 2.756 – 0.593x 
Sample L y = 4.707 - 1.159x 
Sample M y = 6.828 - 2.434x 
Sample S y = 5.414 – 3.394x 

Bayesian 

All Data y = 2.791 – 0.582x 
Sample L y = 5.741 – 1.426x 
Sample M y = 6.982 – 2.511x 
Sample S y = 5.269 – 3.292x 
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Fig. 9 Crushability test with limited sample [23] 

 
If we compare with previous studies carried out 

single-particle crushability tests with limited data in 

Fig. 9, showing significant trendline differences 
between approaches with conventional frequentist 
and Bayesian hierarchical models, as shown in Fig. 9. 
If we compare Fig. 8 and Fig. 9, it is clear that the 
Bayesian hierarchical model has a significant impact 
when we use a limited sample, so conventional 
frequentist and Bayesian hierarchical models will 
show similar results when we have a sufficient 
sample. 
 
4.3 Particle Shape 
 

The illustration in Fig. 10 (a) depicts particle 
shape. Two parameters commonly utilized in 
analyzing particle shape are aspect ratio and 
roundness. The image depicts an analysis of the 
aspect ratio, which is calculated based on Eq. (5). 
 

𝑎𝑎𝑎𝑎𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎 𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟 =
𝑚𝑚𝑎𝑎𝑚𝑚𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑟𝑟𝑎𝑎
𝑚𝑚𝑟𝑟𝑚𝑚𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎𝑟𝑟𝑎𝑎 (5) 

 
Fig. 10 (b) is an illustration presented for 

calculating the roundness coefficient, which can be 
computed using Eq. (6), P is the perimeter of the 
sample and A is the area of the sample. 
 

𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚𝑟𝑟𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑟𝑟𝑎𝑎𝑐𝑐𝑐𝑐𝑟𝑟𝑎𝑎𝑟𝑟𝑎𝑎𝑚𝑚𝑎𝑎 =
𝑃𝑃2

4 × 𝜋𝜋 × 𝐴𝐴 (6) 

 

 
 
Fig. 10 Analysis of particle shape 
 
4.3.1 Aspect ratio 

Based on the aspect ratio calculation, a 
comparison was made with the results of single-
particle crushability strength, as shown in the figure 
below. In Fig. 11 the analysis results show that the 
relationship between aspect ratio and single particle 
strength is scattered and tends not to show a strong 
relationship between the two parameters. Regarding 
limitations, the data used in this study does not show 
a clear relationship, and it is necessary to carry out 
other measurement variations. 
 
4.3.2 Roundness 

The comparison between the roundness 
calculation and the single-particle crushability test 
results yielded little correlation between the two 
parameters shown in Fig. 12, which is similar to the 
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graph presented above in Fig. 12. 
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Fig. 11 The relationship between stress and aspect 
ratio 
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Fig. 12 The relationship between stress and roundness 
coefficient 
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Fig. 13 The relationship between aspect ratio and 
roundness coefficient 
 
4.3.3 Comparison 

Fig. 13 illustrates the comparison between aspect 
ratio and roundness, and it demonstrates a positive 

correlation between the roundness coefficient and 
aspect ratio, whereby an increase in the roundness 
coefficient value accompanies an increase in the 
aspect ratio value.  
 
4.4 Microstructural 
 

The microstructural properties of pumice particles 
were investigated regarding changes in pore 
characteristics before and after single-particle 
crushability testing using SEM analysis. As shown in 
Fig. 14, the initial state of the red colored revealed the 
presence of pores. Subsequently, Fig. 15 shows the 
SEM test results after completing single-particle 
crushability testing on the pumice particles. In the 
comparison, two different particles were used 
because the material needs to be coated during SEM 
and EDS testing, so the material cannot be tested as a 
single particle after SEM and EDS testing. The results 
of the changes in pore volume are presented in Table 
2. The table indicates a reduction in pore area in 
pumice particles due to the applied pressure. 
Conversely, as the area decreases, the number of 
counted pores increases. This observation suggests 
that under significant pore loading, the pores undergo 
constriction, and new tiny pores emerge due to cracks 
induced by the loading on the pumice. 
 

 
 
Fig. 14 Pore of pumice sand before crushing 
 

 
 
Fig. 15 Pore of pumice sand after crushing 
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Table 2 Number of pores before and after the test 
 

 Before After 

Count 245 406 

Total area pore (μm2) 18569.16 14535.81 

Average size total area pore 
(μm2) 75.792 35.802 

Area pore (%) 37.395 29.398 

 
5. CONCLUSIONS 
 

In this study, pumice particles were subjected to a 
single-particle crushability test, followed by the 
analysis of their chemical and microstructural 
components using SEM and EDS. The results can be 
summarized as follows: 
1 The chemical composition of Pumice sand from 

Miyakonojo area is primarily comprised of 
Oxygen (O), Silica (Si), and Alumina (Al), with 
other chemical components present in lesser 
quantities. This substance is analogous to typical 
pumice, which is primarily comprised of silica 
(SiO2) and alumina (Al2O3). 

2 The relationship between particle size and particle 
strength exhibits a negative trend, whereby an 
increase in particle size results in a decrease in 
particle stress. 

3 The frequentist and Bayesian analyses of the 
linear relationship between particle size and 
particle stress do not exhibit significant 
differences due to the large sample size. 

4 The relationship between the parameter aspect 
ratio and roundness coefficient with particle stress 
does not exhibit a significant correlation. 

5 The aspect ratio and roundness coefficient exhibit 
a positive correlation, whereby an increase in 
aspect ratio is followed by an increase in 
roundness coefficient, resembling that of typical 
crushable soil. 

6 There is a reduction in the pore area of pumice 
particles, while the number of pores present has 
increased due to the single-particle crushability 
test. 
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