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Abstract: This paper presents the results of a test cycle of two types of silty sand (siSa) with
different contents of fine fractions. Fine fractions are understood as soil grains with a grain
diameter of less than 63 µm (as the sum of silt and clay fractions). The soils tested had a content of
fine fractions of fSi+Cl,1 = 15.14% and fSi+Cl,2 = 20.48%, respectively, before the study. Changes in
the content of these fractions after the experiments were analyzed. These experiments consisted
of dynamic bar projectile impact loading, and a split Hopkinson pressure bar (SHPB) test stand
was used in the study. Changes in the granulometric composition of the silty sands studied
were carried out in a laser particle size analyzer, allowing measurement of fractional content in
the grain size range from 0.01 µm to 3500 µm. As a result, a summary of changes in soil grain
size curves in the range of fine fractions was compiled. Repeated trends were observed in the
changes in the granulometric composition of the soil samples as a function of the moisture content
of the soil sample (w1 = 0%, w2 = 5%, w3 = 10%, and w4 = 15%) and the impact velocity of the
loading bar projectile for SHPB pneumatic launcher pressures (p1 = 1.2 bar → v1 = 12.76 m/s,
p2 = 1.8 bar → v2 = 17.69 m/s and p3 = 2.4 bar → v3 = 21.32 m/s). The influence of the initial
moisture content of the investigated soil on the value of the optimum moisture content obtained
during its dynamic compaction was discussed. The trend in the behavior of the change in the
granulometric composition of the tested samples was determined, taking the value of the initial
moisture content of the soil in relation to the optimum moisture content of the reference sample as
a reference. The largest percentage change in granulometric composition through an increase in
the value of the silt and clay fraction relative to the reference sample fSi+Cl for both types of silty
sand tested occurs for the same moisture content variant w2 = 5%–for soil fSi+Cl,1 = 15.14% there is
an increase in the fine fraction of 11.08% and for soil fSi+Cl,2 = 20.48% there is an increase in the fine
fraction of 15.17%. In general, it can be seen that more silty soil is more strongly susceptible to the
phenomenon of grain crushing for moisture content w1 = 0% and w2 = 5% less than its optimum
moisture content wopt,1 = 8.70%. In contrast, less silty soil is more susceptible to the phenomenon
of grain crushing for moisture contents w3 = 10% and w4 = 15% greater than its optimum moisture
content wopt,2 = 9.20%. The presented dynamic physical phenomenon of soil behavior is crucial
during explosive and impact impacts on structures made of soil, e.g., as ground protection layers.

Keywords: granulometric composition; grain crushing; laser particle size analyzer; silty sand; soil;
high strain rate; split Hopkinson pressure bar

1. Introduction

Issues related to the behavior of different materials subjected to dynamic impact
using a split Hopkinson pressure bar test stand are an important part of impact engineer-
ing. For many years, there has been an unflagging interest and continuous development

Appl. Sci. 2023, 13, 4707. https://doi.org/10.3390/app13084707 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13084707
https://doi.org/10.3390/app13084707
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-5929-757X
https://orcid.org/0000-0001-5662-9180
https://orcid.org/0000-0001-5129-2531
https://doi.org/10.3390/app13084707
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13084707?type=check_update&version=2


Appl. Sci. 2023, 13, 4707 2 of 25

in the area of experiments on the dynamic mechanical properties of various structural
materials, including building materials—the materials studied include metals [1–3],
polymers [4–6], concrete [7–9], reinforced composites [10–12], wood [13–15], rocks [16–18] and,
more recently, soils [19–22]. Soils are used as an energy-absorbing material during explo-
sive and impact impacts on structures as ground protective layers for these structures.
The intensification of research has also been accompanied by an increase in publications
on the subject of modifying the specimen variants used and the experimental conditions
associated with the Hopkinson bar technique. A summary of the conducted dynamic
research, together with the construction and description of the SHPB test stand, has
been collected in several review articles [23–25]. Table 1 shows a comparison of the total
number of scientific papers (research and review article, book chapter, conference paper)
using “Hopkinson bar” as a keyword between 2018 and 2022 according to the resources
of the scientific databases Web of Science and Springer Link.

Table 1. Summary of the total number of scientific papers (research and review article, book chapter,
conference paper) using “Hopkinson bar” as a keyword concerning dynamic experiments with
samples of different materials from 2018 to 2022 according to the resources of the scientific databases
Web of Science and Springer Link [26,27].

Year Web of Science Springer Link

2022 592 587
2021 538 456
2020 510 351
2019 486 359
2018 447 321

Directly related to the conduct of dynamic experiments based on the SHPB test stand
is the issue of the effect of loading rate on changes in the microstructure of the tested
sample—the group of structurally sensitive materials to dynamic effects includes brittle
materials: rocks [28–30], coal [31,32], and loose material, e.g., non-cohesive soils [33–36].
Particularly valuable are the analyses and conclusions of published dynamic SHPB
studies conducted for concrete samples [37] and different types of sand–coral sand [38]
and calcareous sand [39]. Issues related to these analyses of the grain size change as
the effect of particle size distribution on dynamic properties of different types of sand,
e.g., calcareous sand and coral sand [40–42]. The mechanical behavior of different
types of sand is strongly related to the particle size of the grains in its soil skeleton. In
the reviewed papers, studies were conducted to investigate the effect of particle size
distribution on the impact resistance of samples of different sand types based on SHPB
dynamic tests. The results of the study were interpreted that sands (e.g., coral sand)
experienced a very strong and sudden increase followed by a slow, gradual decrease
in impact resistance with increasing average particle size d50 and cohesion c. Sands of
different grain sizes had concretely apparent different force transmission mechanisms
and failure patterns. When the particles were uniformly distributed, strength was
provided by an arrangement of particles with the correct diameter and with cohesion c
resulting from the fine fraction. Strength decreased when particle breakage occurred,
and the force transmission mechanism changed, which also led to an uneven particle
size distribution process.

The subject of this article is a non-cohesive soil–silty sand. It is often used as a
backfill soil, i.e., an explosion-absorbing material in protective construction. The effect of
dynamic action on loose soil–silty sand can be characterized by comparative analysis of the
individual fractions in the soil structure (in particular, consider sandy fractions fSa, silty
fractions fSi, and clay fractions fCl). A schematic division of the soil fractions according
to [43] is shown in Figure 1.
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Figure 1. Schematic division of soil fractions (adapted from Ref. [43]). Orange and green colors
indicate the key range of silt fraction fSi and clay fraction fCl in this article together with the limiting
grain size diameters.

Testing the grain size distribution of non-cohesive soils is carried out by determining
the granulometric composition using the laboratory sieve method according to [44]. The
smallest mesh diameter of the sieve is 0.063 mm (63 µm)–in order to gain a more accurate
understanding of the further course of the grain size curve in the range below 63 µm, it
is necessary to use precision laboratory equipment, as aerometric analysis for small soil
samples is not feasible. In this study, a laser particle size analyzer was used to produce a
more detailed grain size curve from a grain size of 0.01 µm to 3500 µm—additional grain
size curve data in the range of 0.01–63 µm can be obtained in comparison with classic sieve
analysis (gradation test).

Sand, as a natural granular material, is a complex non-equilibrium energy dis-
sipating system requiring detailed analyses. This is the motivation of the authors of
the manuscript to add to the wide area of already existing publications on different
sands the results of dynamic studies for one type of sand–silty sand (there is still a
space of insufficiently studied examples of these soils). The aim of this study was
to investigate the change in the granulometric composition of silty sand (two soil
types—fSi+Cl,1 = 15.14% and fSi+Cl,2 = 20.48%) in dynamic SHPB experiments with vary-
ing moisture content—w1 = 0%, w2 = 5%, w3 = 10% and w4 = 15%—and the impact ve-
locity of the loading bar projectile for SHPB pneumatic launcher pressures—p1 = 1.2 bar
(v1 = 12.76 m/s), p2 = 1.8 bar (v2 = 17.69 m/s), and p3 = 2.4 bar (v3 = 21.32 m/s).

Major points of highlights and innovations of study in this paper:

â Use of laser particle size analyzer to determine the grain size composition of the
soil sample (grain size curve)—a more accurate method due to the wide range of
possibilities for 0.01 µm to 3500 µm grain diameters testing compared to classic sieve
analysis (gradation test) and aerometric analysis methods.

â Two types of silty sand with different contents of fine fractions were used for the
study—fSi+Cl,1 = 15.14% and fSi+Cl,2 = 20.48%. The manuscript also has a practical
(not only academic) aspect because the two types of silty sand studied were from
the construction site of two different construction critical infrastructure facilities in
Poland—the soil samples taken were really existing in the subsoil.

â The study was conducted for a number of variants of soil samples depending on
the variables, the impact velocity of the loading bar projectile for SHPB pneumatic
launcher pressures, and moisture content of the sample (below and above the opti-
mum moisture content) in order to create several potential sets of conditions for the
use of this soil as, for example, ground protection layers loaded by dynamic action.

â Repeatable trends in changes in the granulometric composition of soil samples were
observed and shown graphically on grain size curves. The largest percentage change
in granulometric composition through an increase in the value of the silt and clay
fraction relative to the reference sample fSi+Cl for both types of silty sand tested occurs
for the same moisture content variant w2 = 5%—for soil fSi+Cl,1 = 15.14%, there is an
increase in the fine fraction of 11.08%, and for soil fSi+Cl,2 = 20.48%, there is an increase
in the fine fraction of 15.17%.

2. Characteristics of Soil Samples

In this study, two different types of non-cohesive soil samples were analyzed—two
samples of silty sand with different percentages of fine fractions (silt and clay) in the soil
skeleton. The silty sand is an example of a poorly expansive soil (doubtful soil—ambiguous
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expansivity) and belongs to the group of soils between expansive and non-expansive soils
(using the expansivity criterion according to Wiłun). The criteria for soil freeze–thaw effects
depend on the physical properties of the soil. Non-cohesive soils with a low silt and clay
fraction do not form freeze–thaw effects even when saturated with water. The ice that
forms in them presses excess water downwards so that these soils contain less water in the
pores after freezing than before. Cohesive soils, on the other hand, which contain more
silty particles, are more expansive; the finer the grain size, the higher the moisture content.
The finer the grain size of the soil, the greater its moisture content. The finer the grain
size of the soil, the smaller the pore size, and the more pores are almost completely filled
with adsorbed water, the better the conditions for the formation of separated ice lenses and
the formation of freeze–thaw effects. Poorly expansive soils (also referred to as doubtful
soils) contain about 20–30% of particles smaller than 0.05 mm and about 3–10% of particles
smaller than 0.002 mm [45–47]. Table 2 shows the accepted general division of soils into
four groups in terms of their susceptibility to the phenomenon of freeze–thaw effects [48].

Table 2. General classification of soil types with regard to the phenomenon of freeze–thaw effects
(symbols of soil names according to [43]).

Group I
Non-Expansive

Soils

Group II
Poorly Expansive
Soils (Doubtful

Soils)

Group III
Expansive

Soils

Group IV
Very Expansive

Soils

Gravel
(Gr)

silty sand
(siSa)

sandy-silty clay
(sasiCl)

clayey sand
(clSa)

sand-gravel mix
(grSa)

clayey gravel
(clGr)

clay
(Cl)

sandy silt
(saSi)

coarse sand
(CSa)

clayey sand-gravel
mix (grclSa)

sandy clay
(saCl)

silt
(Si)

medium sand
(MSa)

silty clay
(siCl)

clayey silt
(clSi)

fine sand
(FSa)

Samples of silty sand with different silt and clay fraction contents were used in the
research within the scope of this article. In order to correctly analyze the change in the
granulometric composition of the silty sand, a key step is to determine the initial grain size
structure for the reference samples. A state-of-the-art laser particle size analyzer Bettersizer
S3 Plus was used in the study in the wet soil sample variant—a detailed description of the
test methodology is presented in Section 3. As a result of the analysis, graphs of grain size
curves were determined, and the content of the silt and clay fraction (understood as the
percentage of grains with a diameter of less than 63 µm) was found to be equal for the:

• first type of soil sample—fSi+Cl,1 = 15.14% (the grain size curve in Figure 2a);
• second type of soil sample—fSi+Cl,2 = 20.48% (the grain size curve in Figure 2b).

Figure 3 shows the macroscopic appearance of the two reference samples of silty sand.
Visually comparing them to each other, it is not possible to visually identify them due to
the small grain diameter size in the silt and clay fractions—macroscopically, the samples
appear similar.

Both types of samples were analyzed in the optimum moisture content test (Proctor
apparatus) according to [49]. The value of the optimum moisture content wopt was deter-
mined for the obtained maximum volumetric density of the soil skeleton ρd,max, at constant
compaction energy and for different moisture contents:

• for fSi+Cl,1 = 15.14%—ρd,max,1 = 1.89 g/cm3 → wopt,1 = 8.70% (Figure 4a);
• for fSi+Cl,2 = 20.48%—ρd,max,1 = 1.95 g/cm3 → wopt,2 = 9.20% (Figure 4b).
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3. Test Stand and General Experimental Methodology
3.1. Description and Components of the Test Stand

Once the soil sample has reached the laboratory, the testing analysis process is carried
out on various test stands, including macroscopic evaluation of the physical properties
of the soil or determination of the optimum moisture content (Proctor apparatus). In
accordance with the subject of this article, the main test stands used in the experiment
include a split Hopkinson pressure bar (SHPB) and a laser particle size analyzer.

The SHPB test stand takes into account the known density, moisture content, and
strain rate of the granular structure of the soil sample in order to determine the dynamic
properties of the soil being analyzed and to understand the stress–strain relationship. The
main essence of the Hopkinson technique is that it is possible to analyze the response of
different materials (including soil samples) subjected to dynamic action. The dynamic tests,
the effect of which is the main focus of this work, were carried out based on the SHPB test
stand located in the Department of Military Engineering and Infrastructure in the Faculty
of Civil Engineering and Geodesy, MUT. A schematic diagram of the SHPB is shown in
Figure 5, and an actual view of the test stand is in Figure 6.
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a set of two measuring chambers ② within the main core of the analyzer ①. In the first 
measuring chamber, short-wave laser light (532 nm) passes through the sample and is 
scattered according to the particle size. The 96 detectors detect optical signals over an an-
gle range of 0.02–165°. Meanwhile, in the second measurement cell, CCD cameras (with 
0.5× and 10× magnification) continuously take images to provide particle image analysis 
in the range of 2 µm to 3500 µm. An additional lens between the laser and the sample cell 
(lens 2) converts the diverging laser beam into a parallel beam and enables the detection 
of back-scattered light. The evaluation of the fine particle size distribution is based on the 
Fraunhofer or Mie scattering theory, which depends on the particle size and optical prop-
erties. Mie scattering theory enables an accurate description of the laser scattering law of 
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from Ref. [50]).
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The Bettersizer S3 Plus laser particle size analyzer was used to investigate the
granulometric composition for each soil sample variant. The instrument combines
the measurement methods of static light scattering and dynamic image analysis, thus
offering the versatile ability to characterize particle size and shape in the range from
0.01 µm to 3500 µm. Analyses of changes in the granulometric composition of silty
sand samples (as a result of dynamic bar projectile interaction within the SHPB stand
experiments) were carried out based on the wet version of the grain size curve study in
the Bettersizer S3 Plus laser particle size analyzer—the device is shown in Figure 7. It is
located in the Department of Engineering and Military Infrastructure in the Faculty of
Civil Engineering and Geodesy, MUT.

Important components of the laser particle size analyzer include:
1©—main analyzer core;
2©—measuring chamber system (water–soil mixture input–output);
3©—circulation tank;
4©—circulation and dispersion system of the water–soil mixture;
5©—distilled water tank;
6©—computer with dedicated software.
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Figure 7. View of the Bettersizer S3 Plus laser particle size analyzer test stand located in the
Department of Military Engineering and Infrastructure of the MUT, with markings of crucial
components 1©– 6©.

3.2. General Methodology for Conducting the Experiment

The soil sample ½ of the SHPB test is cylindrical in shape and is placed in a rigid
casing ¼ made of different materials depending on the experimental setup, e.g., Plexiglas,
duralumin, or steel. The dimensions and material characteristics of the casing ensure
that the uniaxial deformation state of the tested soil occurs when the specimen is pressed
from both sides by the initiating º and transmitting ¾ bars. According to the markings
in Figure 6 and the methodology for conducting the SHPB experiment, the bar projectile
load ¹ is propelled inside the bar projectile guide ¸ by rapidly released air pressure
from a pneumatic launcher ¶. The laser timing system
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takes a reading of the time
it takes for the bar projectile to move a known distance. Knowing this time allows
the impact velocity to be determined. When the bar projectile strikes the initiating
bar º, a compressive elastic wave is generated in the bar (the incident wave generates
deformations in the initiating bar εI ), propagating along the bar toward the soil sample ½

surrounded by the casing element (rigid ring) ¼. On reaching the end of the initiating bar,
the wave partly continues to propagate (the transmitted wave generates deformations in
the transmitting bar εT) through the sample towards the transmitting bar and partly is
reflected and starts to return to the beginning of the initiating bar (the reflected wave
generates deformations in the initiating bar εR). The wave that has passed through the
sample and reached the transmitting bar at its end is finally attenuated in the damping
element ¿. The signals from the set of measuring strain gauges are recorded by a digital
recorder and transmitted to a computer
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The investigation in the laser particle size analyzer (Figure 7) begins by flushing the

unit system and pumping a new portion of the liquid from the distilled water tank 5©
into the circulation tank 3©. Once the soil sample has been transferred to the circulation
tank 3©, the water–soil mixture flows through the circulation and dispersion system 4©.
During the measurement, the particles dispersed in the selected medium are pumped
through a set of two measuring chambers 2© within the main core of the analyzer 1©.
In the first measuring chamber, short-wave laser light (532 nm) passes through the
sample and is scattered according to the particle size. The 96 detectors detect optical
signals over an angle range of 0.02–165◦. Meanwhile, in the second measurement cell,
CCD cameras (with 0.5× and 10× magnification) continuously take images to provide
particle image analysis in the range of 2 µm to 3500 µm. An additional lens between the
laser and the sample cell (lens 2) converts the diverging laser beam into a parallel beam
and enables the detection of back-scattered light. The evaluation of the fine particle
size distribution is based on the Fraunhofer or Mie scattering theory, which depends
on the particle size and optical properties. Mie scattering theory enables an accurate
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description of the laser scattering law of particles—it is a widely accepted theory in
modern laser particle size analysis. Fraunhofer diffraction theory is a simplified version
of Mie theory—relatively rarely used, mainly applied to describe the laser scattering law
of relatively coarse particles. Mie theory is adopted for all bulk materials over a wide
range of grain diameters. The Fraunhofer method is more dedicated to the analysis of
coarse-grained powders. In the present work, Mie theory is adopted for further analysis.
The methodology described is in accordance with the ISO standards on the subject [52–54].
Figure 8 shows a detailed scheme of particle size testing by laser diffraction from the
stage of introduction of a soil sample into the system to the stage of analysis of the
obtained results in dedicated computer software.
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3.3. Process of Preparing a Soil Sample for Testing

In the process of preparing a non-cohesive soil sample for dynamic testing using the
SHPB test stand, an important step is to ensure the initial compaction state of the soil. In
particular, this is an important step of the preparation process for dry and low moisture
content samples. Such a sample is in a two-phase or three-phase state—it has a gas phase
(usually in the form of air). Failure to carry out the compaction process will result in
incorrect experimental results–some of the impact energy of the bar projectile will be used
to compact the air voids.

The soil sample is cylindrical in shape, and its dimensions must comply with the
condition [56] in Equation (1):

L = d ·
√

3·ν
4

; (1)

where L—length of soil sample tested;
d—diameter of soil sample tested;
ν—Poisson’s ratio of soil sample tested.
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Using approximations of the calculated values, it is possible to determine the general
approximation condition [57] in Equation (2):

L ≈ 0.5·d. (2)

The diameter of the soil sample corresponds to the diameter of the bar projectile
and the measuring bars (initiating and transmitting). The indicated elements of the
SHPB test stand in the Department of Military Engineering and Infrastructure of the
MUT have a diameter of 20 mm—based on Equation (2), the length of the soil sample is
approximately 10 mm.

In the experimental methodology of SHPB testing, an important step is the selection
of a suitable impulse shaper to ensure dynamic stress equilibrium. The introduction of
an additional impulse shaper into the SHPB test stand system between the bar projectile
and the initiating bar allows for a longer time of rising impulse, which enables the effect
of better impedance matching and homogeneous deformation of the test material. The
pulse shaper is usually a small and thin disc made of soft material—it can be made of
aluminum, brass, rubber, nylon, copper, or stainless steel, about 0.1–2 mm thick [58].
During testing, the bar projectile strikes the impulse shaper in front of the initiating bar,
thus generating a non-dissipative impulse propagating through the initiating bar. This
pulse, with its slowly rising front, facilitates dynamic balancing of forces on the sample—a
slowly rising pulse is the preferred loading pulse to minimize the effects of dissipation and
inertia, thereby facilitating dynamic stress balance in the sample. The task of the pulse
shaper is to ensure a constant strain rate during loading and to maintain force balance
throughout the specimen. By changing the geometry of the pulse shaper, a variety of
different pulses incident on the specimen can be produced. Depending on the materials
being tested, different loading pulses are needed, which can be achieved by designing the
shaper accordingly. The dynamic stress equilibrium condition is shown in Equation (3):

εI(t) + εR(t) ∼= εT(t); (3)

where εI—initiated wave (incident impulse);
εT—transmitted wave (transmitted impulse);
εR—reflected wave (reflected impulse).
Taking into account the addition and negative signs of the εI , εT , and εR graphs, it is

possible to check the fulfillment of the dynamic stress equilibrium condition according
to Equation (3) by comparing the changes in the course of the graphs. An example of
such a graph is shown in Figure 9—it is possible to compare the correspondence of the
course of the blue graph εI and the black graph with the dashed line εT−(−εR), where
final form is εT+εR.
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In accordance with the conclusions of the publication [60], the compaction process
of the sample was carried out on a vibrating shaker. The soil was compacted by vi-
brating the shaker for 60 s. The tests carried out in [60] proved that a time of 60 s was
sufficient—the vibration process for longer periods of 120 s and 180 s did not result
in a significant increase in soil compaction values. A sinker weight of approximately
1000 g was applied to the sample to improve the effectiveness of the shaking compaction.
During the shaker operation, the air voids were filled by the moving soil grains—the
compaction process took place. Figure 10 shows the soil sample casing (rigid ring) and
the auxiliary components necessary for the compaction process of a soil sample, with
their markings:

¶—base cork;
·—soil sample casing (rigid ring);
¸—sily sand sample;
¹—fixing screws;
º—pressure plate;
»—sinker 1000 g.
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Figure 10. Installation for compaction of a sample of non-cohesive soil as part of the SHPB test with
markings of the crucial components: (a) schematic diagram and (b) actual view ¶–» (reprinted
from Ref. [60]).

The variant soil sample prepared in this way was subjected to a dynamic exper-
iment on the SHPB test stand according to the methodology discussed in Section 3.2.
The variants of the test sample distinguished in terms of the initial launcher pressure
acting on the bar projectile pi (i.e., determining the average impact velocity of the bar
projectile vi) and the moisture content of the soil sample wi (percentage of water in the
sample) are summarized in Table 3. A total of 12 variants of the silty sand sample were
distinguished. Each variant of the sample was dynamically tested 4 times to obtain a
meaningful statistical sample for both variants of silty sand with a silt and clay fraction
fSi+Cl ,1 = 15.14% and fSi+Cl ,2 = 20.48%—a final of 96 experiments were performed on the
SHPB test stand.

The soil samples after the completed dynamic experiments were combined according
to the distribution shown in Table 3, and a reference sample (a silty sand sample not
subjected to dynamic impact in the SHPB test) was added to the compilation—a summary
of the silty sand sample variants used in the laser particle size analyzer is shown in Table 4.
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Table 3. Summary of silty sand sample variants used in experiments conducted on the SHPB test stand.

I II III IV V VI VII VIII IX X XI XII

w1 = 0% w2 = 5% w3 = 10% w4 = 15%

p1 = 1.2 bar
v1 = 12.76 m/s

p2 = 1.8 bar
v2 = 17.69 m/s

p3 = 2.4 bar
v3 = 21.32 m/s

p1 = 1.2 bar
v1 = 12.76 m/s

p2 = 1.8 bar
v2 = 17.69 m/s

p3 = 2.4 bar
v3 = 21.32 m/s

p1 = 1.2 bar
v1 = 12.76 m/s

p2 = 1.8 bar
v2 = 17.69 m/s

p3 = 2.4 bar
v3 = 21.32 m/s

p1 = 1.2 bar
v1 = 12.76 m/s

p2 = 1.8 bar
v2 = 17.69 m/s

p3 = 2.4 bar
v3 = 21.32 m/s

Total sample variants: 12.

Table 4. Summary of silty sand sample variants used in particle size change analyses.

I II III IV V VI VII VIII IX X XI XII XIII

w1 = 0% w2 = 5% w3 = 10% w4 = 15%

p1 = 1.2 bar
v1 = 12.76 m/s

p2 = 1.8 bar
v2 = 17.69 m/s

p3 = 2.4 bar
v3 = 21.32 m/s

p1 = 1.2 bar
v1 = 12.76 m/s

p2 = 1.8 bar
v2 = 17,69 m/s

p3 = 2.4 bar
v3 = 21.32 m/s

p1 = 1.2 bar
v1 = 12.76 m/s

p2 = 1.8 bar
v2 = 17.69 m/s

p3 = 2.4 bar
v3 = 21.32 m/s

p1 = 1.2 bar
v1 = 12.76 m/s

p2 = 1.8 bar
v2 = 17.69 m/s

p3 = 2.4 bar
v3 = 21.32 m/s

Reference
sample

Total sample variants: 13.
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For each soil sample variant, 5 mini-samples of 0.2 g were extracted. This mass value
is due to the specifics of the test in this model of the Bettersizer S3 Plus laser particle size
analyzer—feeding a larger mass of soil sample causes a process of flushing the excess
sample out of the circulation tank until the desired mass effect of approximately 0.2 g is
achieved. Distilled water was added to each of the 5 vessels containing an equal variant
of the sample. Over a period of 24 h, the sample underwent a process of disentangling
and loosening the clumps of the silt and clay fraction. The combined silt and clay
particles (soil aggregate) were separated in the water into individual soil particles. After
waiting for 24 h and the particle separation process, the soil sample was transferred to
the circulation tank together with the water in the vessel. The remaining sediment in the
vessel was also washed into this circulation tank—this ensures that no soil grains remain
on the vessel walls. The laser particle size analysis was then commenced according to
the methodology discussed in Section 3.2. Each sample from the vessel was subjected to
a cycle of 5 analyses in the instrument. A total of 13 variants of the silty sand sample
were distinguished. For each sample variant I–XIII, 5 mini-sample vessels of that variant
were extracted (an example set of 5 mini-sample vessels is shown in Figure 11a,b). In
order to obtain a meaningful statistical sample for both variants of the silty sand with
a silt and clay fraction of fSi+Cl ,1 = 15.14% and fSi+Cl ,2 = 20.48%, a cycle consisting of
5 analyses in the device was carried out. Finally, 650 analyses were carried out in the
laser particle size analyzer.
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Figure 11. Preparation of silty sand samples for testing in laser particle size analyzer: (a) samples of 

silty sand before pouring distilled water (visible merged grains into compact lumps); (b) samples of 

silty sand after pouring distilled water and waiting for 24 h (separation into individual grains oc-

curred). 

  

Figure 11. Preparation of silty sand samples for testing in laser particle size analyzer: (a) samples of
silty sand before pouring distilled water (visible merged grains into compact lumps); (b) samples of silty
sand after pouring distilled water and waiting for 24 h (separation into individual grains occurred).

4. Test Results in the Laser Particle Size Analyzer

According to the description of the soil sample preparation process in Section 3.3,
each variant of the silty sand sample was tested in the particle size analyzer by laser
diffraction in five cycles for the extracted five mini-samples (a total of 25 tests performed
for each variant I–XIII from Table 4). The 25 test results were averaged to present the
results of the tests for each variant I–XIII (depending on the configuration of variables
used: initial launcher pressure acting on the bar projectile p1–p2–p3 and moisture content
of the soil sample w1–w2–w3–w4) in summary graphs of grain size curves with reference
to the reference sample:
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• for the first type of soil sample—fSi+Cl,1 = 15.14%:

â Figure 12a with variable configuration values w1 = 0% and p1 = 1.2 bar
(v1 = 12.76 m/s)–p2 = 1.8 bar (v2 = 17.69 m/s)–p3 = 2.4 bar (v3 = 21.32 m/s);

â Figure 12b with variable configuration values w2 = 5% and p1 = 1.2 bar
(v1 = 12.76 m/s)–p2 = 1.8 bar (v2 = 17.69 m/s)–p3 = 2.4 bar (v3 = 21.32 m/s);

â Figure 12c with variable configuration values w3 = 10% and p1 = 1.2 bar
(v1 = 12.76 m/s)–p2 = 1.8 bar (v2 = 17.69 m/s)–p3 = 2.4 bar (v3 = 21.32 m/s);

â Figure 12d with variable configuration values w4 = 15% and p1 = 1.2 bar
(v1 = 12.76 m/s)–p2 = 1.8 bar (v2 = 17.69 m/s)–p3 = 2.4 bar (v3 = 21.32 m/s);
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Figure 12. Summary graphs of grain size curves for silty sand with silt and clay fraction fSi+Cl,1 = 15.14%
for sample variants I–XIII (12 sample variants subjected to dynamic impact in SHPB and reference
sample without dynamic impact) in variable configurations: (a) w1 and p1 (v1)–p2 (v2)–p3 (v3), (b) w2

and p1 (v1)–p2 (v2)–p3 (v3), (c) w3 and p1 (v1)–p2 (v2)–p3 (v3), (d) w4 and p1 (v1)–p2 (v2)–p3 (v3).

• for the second type of soil sample—fSi+Cl,2 = 20.48%:

â Figure 13a with variable configuration values w1 = 0% and p1 = 1.2 bar
(v1 = 12.76 m/s)–p2 = 1.8 bar (v2 = 17.69 m/s)–p3 = 2.4 bar (v3 = 21.32 m/s);

â Figure 13b with variable configuration values w2 = 5% and p1 = 1.2 bar
(v1 = 12.76 m/s)–p2 = 1.8 bar (v2 = 17.69 m/s)–p3 = 2.4 bar (v3 = 21.32 m/s);

â Figure 13c with variable configuration values w3 = 10% and p1 = 1.2 bar
(v1 = 12.76 m/s)–p2 = 1.8 bar (v2 = 17.69 m/s)–p3 = 2.4 bar (v3 = 21.32 m/s);

â Figure 13d with variable configuration values w4 = 15% and p1 = 1.2 bar
(v1 = 12.76 m/s)–p2 = 1.8 bar (v2 = 17.69 m/s)–p3 = 2.4 bar (v3 = 21.32 m/s).
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p1 = 1.2 bar 

v1 = 12.76 m/s 

fSi+Cl,1-I =  

16.64% 

fSi+Cl,1-IV =  

18.17% 

fSi+Cl,1-VII =  

17.15% 

fSi+Cl,1-X =  
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p2 = 1.8 bar 

v2 = 17.69 m/s 
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fSi+Cl,1-VIII =  

22.08% 

fSi+Cl,1-XI =  

19.92% 

p3 = 2.4 bar 

v3 = 21.32 m/s 

fSi+Cl,1-III =  

25.10% 

fSi+Cl,1-VI =  

26.22% 

fSi+Cl,1-IX =  

22.96% 

fSi+Cl,1-XII =  
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fSi+Cl,2 =  
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5. Discussion

In order to clearly summarize the results of the tests in the laser particle size analyzer
(results from Section 4) and to show the visible trends in the change of granulometric
composition of the samples of silty sand subjected to dynamic impact in the SHPB test,
Table 5 is prepared for both soil samples with initial content of silty and clay fraction
fSi+Cl ,1 = 15.14% and fSi+Cl ,2 = 20.48%. The table summarizes the results taking into
account the initial moisture content of the soil sample and the pneumatic launcher
pressure of the SHPB loading bar projectile.

Table 5. Summary of fSi+Cl silty and clay fraction values obtained in the laser particle size analyzer
for the different configurations of the variable variants of the silty sand sample after dynamic impact
in the SHPB test.

Reference
Sample fSi+Cl

Moisture Content of the Silty Sand Sample wi

w1 = 0% w2 = 5% w3 = 10% w4 = 15%

fSi+Cl,1 = 15.14%

La
un

ch
er

pr
es

su
re

p i
/

Im
pa

ct
ve

lo
ci

ty
v i p1 = 1.2 bar

v1 = 12.76 m/s fSi+Cl ,1-I = 16.64% fSi+Cl ,1-IV = 18.17% fSi+Cl,1-VII = 17.15% fSi+Cl,1-X = 16.66%

p2 = 1.8 bar
v2 = 17.69 m/s fSi+Cl ,1-II = 23.58% fSi+Cl ,1-V = 23.97% fSi+Cl,1-VIII = 22.08% fSi+Cl,1-XI = 19.92%

p3 = 2.4 bar
v3 = 21.32 m/s fSi+Cl ,1-III = 25.10% fSi+Cl ,1-VI = 26.22% fSi+Cl ,1-IX = 22.96% fSi+Cl ,1-XII = 21.24%

fSi+Cl ,2 = 20.48%

p1 = 1.2 bar
v1 = 12.76 m/s fSi+Cl,2-I = 24.80% fSi+Cl ,2-IV = 28.71% fSi+Cl,2-VII = 21.18% fSi+Cl ,2-X = 20.84%

p2 = 1.8 bar
v2 = 17.69 m/s fSi+Cl,2-II = 29.17% fSi+Cl ,2-V = 31.00% fSi+Cl ,2-VIII = 24.99% fSi+Cl ,2-XI = 24.76%

p3 = 2.4 bar
v3 = 21.32 m/s fSi+Cl,2-III = 32.87% fSi+Cl ,2-VI = 35.65% fSi+Cl,2-IX = 25.79% fSi+Cl,2-XII = 25.35%
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Based on the data presented in Table 5, it is possible to note the behavioral trends and
direction of trends in the dynamic characteristics of the silty sand:

â Each silty sand sample used on the SHPB test stand achieved a higher proportion of
fine fractions (silt and clay) in its granulometric composition after the test compared
to the reference sample. Each dynamic impact with the bar projectile resulted in an
increase in the value of the silt and clay fraction fSi+Cl—there was a phenomenon
of destruction of the soil skeleton through grain breaking and an increase in the
percentage of smaller-diameter grains. The correctness of Equations (4) and (5) can
be seen:

fSi+Cl,1−I ÷ fSi+Cl,1−XII > fSi+Cl,1; (4)

fSi+Cl,2−I ÷ fSi+Cl,2−XII > fSi+Cl,2. (5)

â For a given moisture content of a soil sample, there was a trend towards an increase
in the proportion of the silt and clay fraction in the granulometric composition with
an increase in the initially applied pressure of the pneumatic launcher to start the bar
projectile movement. The trend in the behavior of the sample occurred as the impact
velocity of the bar projectile increased, which can be represented by Equations (6)–(9):

w1 = 0%→
(

fSi+Cl,1−I < fSi+Cl,1−I I < fSi+Cl,1−I I I
fSi+Cl,2−I < fSi+Cl,2−I I < fSi+Cl,2−I I I

)
; (6)

w2 = 5%→
(

fSi+Cl,1−IV < fSi+Cl,1−V < fSi+Cl,1−VI
fSi+Cl,2−IV < fSi+Cl,2−V < fSi+Cl,2−VI

)
; (7)

w3 = 10%→
(

fSi+Cl,1−VII < fSi+Cl,1−VII I < fSi+Cl,1−IX
fSi+Cl,2−VII < fSi+Cl,2−VII I < fSi+Cl,2−IX

)
; (8)

w4 = 15%→
(

fSi+Cl,1−X < fSi+Cl,1−XI < fSi+Cl,1−XII
fSi+Cl,2−X < fSi+Cl,2−XI < fSi+Cl,2−XII

)
. (9)

â As the moisture content of the soil sample increased, there was no simple relationship
of change in the proportion of the silt and clay fraction in the granulometric com-
position (only an increasing relationship or only a decreasing relationship). For the
moisture content of soil samples, w1 and w2 (values below the optimum moisture
content wopt) for a given initial pressure of the pneumatic launcher (given impact
velocity), a tendency towards an increase in the value of the silt and clay fraction
was apparent (there was no significant effect of water on the test results). The higher
the moisture content of the soil sample (in particular for w3 and w4 values above the
optimum moisture content wopt), the stronger the trend of a decreasing value of the
silt and clay fraction in the granulometric composition of the silty sand sample could
be seen. There was a clear, dynamic response of the water filling the soil pores—the
water gave the sample some characteristics of an elastic material and “damped” the
dynamic impact of the bar projectile impact. This interaction had the effect of reducing
the phenomenon of destruction of the soil skeleton by grain fracture, which can be
represented in Equations (10)–(12):

(
p1 = 1.2 bar

v1 = 12.76 m/S

)
→
(( i f w1 < w2 < wopt,1 then fSi+Cl,1−I < fSi+Cl,1−IV

i f w2 < wopt,1 < w3 < w4 then fSi+Cl,1−IV > fSi+Cl,1−VII > fSi+Cl,1−X
)

(
i f w1 < w2 < wopt,2 then fSi+Cl,2−I < fSi+Cl,2−IV

i f w2 < wopt,2 < w3 < w4 then fSi+Cl,2−IV > fSi+Cl,2−VII > fSi+Cl,2−X
)

)
; (10)

(
p2 = 1.8 bar

v2 = 17.69 m/S

)
→
(( i f w1 < w2 < wopt,1 then fSi+Cl,1−I I < fSi+Cl,1−V

i f w2 < wopt,1 < w3 < w4 then fSi+Cl,1−V > fSi+Cl,1−VII I > fSi+Cl,1−XI
)

(
i f w1 < w2 < wopt,2 then fSi+Cl,2−I I < fSi+Cl,2−V

i f w2 < wopt,2 < w3 < w4 then fSi+Cl,2−V > fSi+Cl,2−VII I > fSi+Cl,2−XI
)

)
; (11)



Appl. Sci. 2023, 13, 4707 19 of 25

(
p3 = 2.4 bar

v3 = 21.32 m/S

)
→
(( i f w1 < w2 < wopt,1 then fSi+Cl,1−I I I < fSi+Cl,1−VI

i f w2 < wopt,1 < w3 < w4 then fSi+Cl,1−VI > fSi+Cl,1−IX > fSi+Cl,1−XII
)

(
i f w1 < w2 < wopt,2 then fSi+Cl,2−I I I < fSi+Cl,2−VI

i f w2 < wopt,2 < w3 < w4 then fSi+Cl,2−VI > fSi+Cl,2−IX > fSi+Cl,2−XII
)

)
. (12)

â Table 6 shows the percentage changes in silt and clay fraction as a consequence of bar
projectile impact during the SHPB test compared to the reference sample, depending
on the configuration of the variables—soil sample moisture content wi and initial
shot pressure pi (impact velocity vi). For the first type of soil sample fSi+Cl,1 = 15.14%,
the bar projectile impact load was most significant at a launching pressure p2 = 1.8
bar for all moisture content variants w1 ÷ w4 (particularly prominent values are for
samples with moisture content w1 and w2 lower than the optimum moisture content
wopt—for moisture content w3 and w4 higher than the optimum moisture content wopt,
there is a phenomenon of “damping” of the impact through the reaction of water in
the soil pores). At this pressure p2, the greatest percentage change in granulometric
composition occurred through an increase in the value of the silt and clay fraction in
relation to the reference sample fSi+Cl,1:

n fSi+Cl,1 = 15.14%→ fSi+Cl,1-III = 25.10% (increase of 9.96%);
n fSi+Cl,1 = 15.14%→ fSi+Cl,1-VI = 26.22% (increase of 11.08%);
n fSi+Cl,1 = 15.14%→ fSi+Cl,1-IX = 22.96% (increase of 7.82%);
n fSi+Cl,1 = 15.14%→ fSi+Cl,1-XII = 21.24% (increase of 6.10%).

However, for the second soil sample type fSi+Cl,2 = 20.48%, the most significant was
the bar projectile impact at SHPB pneumatic launcher pressure p3 = 2.4 bar for all
moisture contents w1 ÷w4 (analogous to the first sample type, values were particularly
noticeable for samples with moisture contents w1 and w2 lower than the optimum
moisture content wopt—for moisture contents w3 and w4 higher than the optimum
moisture content wopt, a phenomenon of “damping” of the impact occurred through
the reaction of water in soil pores). At this pressure p3, the greatest percentage change
in granulometric composition occurred through an increase in the value of the silt
and clay fraction in relation to the reference sample fSi+Cl,2:

n fSi+Cl,2 = 20.48%→ fSi+Cl,2-III = 32.87% (increase of 12.39%);
n fSi+Cl,2 = 20.48%→ fSi+Cl,2-VI = 35.65% (increase of 15.17%);
n fSi+Cl,2 = 20.48%→ fSi+Cl,2-IX = 25.79% (increase of 5.31%);
n fSi+Cl,2 = 20.48%→ fSi+Cl,2-XII = 25.35% (increase of 4.87%).
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Table 6. Summary of percentage changes in silt and clay fraction as a consequence of bar projectile impact during SHPB testing compared to the fSi+Cl reference
sample depending on the configuration of variables—moisture content of the soil sample wi and initial impact pressure pi.

Launcher
Pressure pi/

Impact
Velocity vi

Moisture Content of the Silty Sand Sample wi/
Difference between fSi+Cl,1-k (fSi+Cl,2-k) and Reference fSi+Cl,1 (fSi+Cl,2)

w1 = 0%

∆

fSi+Cl,1-k
−

fSi+Cl,1

w2 = 5%

∆

fSi+Cl,1-k
−

fSi+Cl,1

w3 = 10%

∆

fSi+Cl,1-k
−

fSi+Cl,1

w4 = 15%

∆

fSi+Cl,1-k
−

fSi+Cl,1

p1 = 1.2 bar
v1 = 12.76 m/s fSi+Cl,1-I = 16.64% 1.50% fSi+Cl,1-IV = 18.17% 3.03% fSi+Cl,1-VII =

17.15% 2.01% fSi+Cl,1-X = 16.66% 1.52%

p2 = 1.8 bar
v2 = 17.69 m/s fSi+Cl,1-II = 23.58% 8.44% fSi+Cl,1-V = 23.97% 8.83% fSi+Cl,1-VIII =

22.08% 6.94% fSi+Cl,1-XI = 19.92% 4.78%

p3 = 2.4 bar
v3 = 21.32 m/s fSi+Cl,1-III = 25.10% 9.96% fSi+Cl,1-VI = 26.22% 11.08% fSi+Cl,1-IX = 22.96% 7.82% fSi+Cl,1-XII =

21.24% 6.10%

∆
fSi+Cl,2-k
−

fSi+Cl,2

∆
fSi+Cl,2-k
−

fSi+Cl,2

∆
fSi+Cl,2-k
−

fSi+Cl,2

∆
fSi+Cl,2-k
−

fSi+Cl,2

p1 = 1.2 bar
v1 = 12.76 m/s fSi+Cl,2-I = 24.80% 4.32% fSi+Cl,2-IV = 28.71% 8.23% fSi+Cl,2-VII =

21.18% 0.70% fSi+Cl,2-X = 20.84% 0.36%

p2 = 1.8 bar
v2 = 17.69 m/s fSi+Cl,2-II = 29.17% 8.69% fSi+Cl,2-V = 31.00% 10.52% fSi+Cl,2-VIII =

24.99% 4.51% fSi+Cl,2-XI = 24.76% 4.28%

p3 = 2.4 bar
v3 = 21.32 m/s fSi+Cl,2-III = 32.87% 12.39% fSi+Cl,2-VI = 35.65% 15.17% fSi+Cl,2-IX = 25.79% 5.31% fSi+Cl,2-XII =

25.35% 4.87%
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The four directions of behavioral trends in the dynamic characteristics of the silty
sand discussed above are susceptible to the influence of experimental conditions. Special
attention should be given to the issues:

n Parallelism of the contact surface between the soil sample-initiating bar and the
transmitting bar. There is a particular risk of the parallelism condition not being
achieved as a result of the compaction process of the soil sample. Silty sand is
a loose material and susceptible to shape change. Applying the pressure plate
elements in a way that is not perpendicular to the wall edge of the soil sample
casing (rigid ring) will result in non-parallelism of the contact surface between the
soil sample-initiating bar and transmitting bar (i.e., there will be a local air void).
Consequently, incorrect waveform data will be recorded for the reflected wave (as
a result of non-parallelism of the contact surface between soil sample-initiating bar)
and transmitted wave (as a result of non-parallelism of the contact surface between
the soil sample-transmitting bar).

n Cohesive effect resulting from the internal structure of the tested soil sample. Silty
sand is not a pure representative of sand containing only grains with a diameter in the
range of 0.063 mm–2 mm (according to Figure 1). Silty sand has fine fractions below
the limit of 0.063 mm—these give the soil sample cohesive characteristics, and the
cohesion value is not zero. In simplification, it can be assumed that the more the fine
fraction, the higher the cohesion value. According to the data in Table 6, it can be seen
that the cohesion effect is not the only important factor influencing the results—the
pore water content of the soil should be taken into account.

n Interfacial friction effect is a widely discussed issue for the various materials tested in
the SHPB test stand, particularly loose materials [61–63]. The incident wave created
by the impact passes from the initiating bar to the soil sample during its propagation.
The wave passes through a soil sample with a non-uniform and variable cross-section,
which will result in an uneven stress distribution in the axial direction of the sample
due to the interfacial friction effect.

6. Conclusions

This paper is concerned with the analysis of changes in the granulometric composition
of silty sand samples through a procedure comparing the values of the silt and clay fraction
fSi+Cl in the structure before and after SHPB experiments using a laser diffraction particle
size analyzer.

Two types of non-cohesive soil–silty sands were selected for testing. The optimum
moisture contents wopt,1 = 8.70% and wopt,2 = 9.20% were determined for both reference
samples (tests carried out using the Proctor method), and the silt and clay fractions
fSi+Cl,1 = 15.14% and fSi+Cl,2 = 20.48% were determined (tests carried out using a laser
diffraction particle size analyzer, assuming a boundary value of 63 µm between the
sandy fraction fSa and the silty fraction fSi).

During comparative analysis of the test results, repeatable trends in changes in the
granulometric composition of soil samples were noted:

• Each dynamic impact with the bar projectile results in an increase in the value of the
silt and clay fraction fSi+Cl (there is a phenomenon of destruction of the soil skeleton
through the breaking of grains and an increase in the percentage of grains with a
smaller diameter).

• As the value of the initially applied pressure of the pneumatic launcher to start the bar
projectile movement increases, there is a noticeable trend towards an increase in the
proportion of the silt and clay fraction in the granulometric composition of the sample.

• For soil samples with a moisture content of w1 = 0% and w2 = 5% (values below the
optimum moisture content of wopt,1 = 8.70% and wopt,2 = 9.20% depending on the type
of sample) for a given initial pressure of the pneumatic launcher, a tendency towards
an increase in the values of the silt and clay fraction is apparent (there is no significant
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effect of water on the test results). The higher the moisture content of the soil sample
(in particular for values w3 = 10% and w4 = 15% above the optimum moisture content
wopt,1 = 8.70% or wopt,2 = 9.20% depending on the type of sample), the stronger the
trend towards a decreasing value of the silt and clay fraction in the granulometric
composition of the silty sand sample. There is a noticeable dynamic response of the
water filling the soil pores—the water gives the sample the characteristics of an elastic
material and “dampens” the dynamic impact of the bar projectile. This interaction
of water in the sample has the effect of reducing the destruction of the soil skeleton
through grain fracture.

• For the first type of soil sample fSi+Cl,1 = 15.14%, the most significant is the bar
projectile impact at an initial launcher pressure p2 = 1.8 bar for all sample moisture
contents variants w1 ÷ w4—at this pressure p2, the greatest percentage change in
granulometric composition occurs through an increase in the value of the silty and
clay fraction fSi+Cl,1-k relative to the reference sample fSi+Cl,1. On the other hand, for
the second type of soil sample fSi+Cl,2 = 20.48%, the greatest percentage change in
granulometric composition occurs with a bar projectile impact at an initial launcher
pressure p3 = 2.4 bar for all moisture content variants w1 ÷ w4—at this pressure p3,
the greatest percentage change in granulometric composition occurs through an
increase in the value of the silty and clay fraction fSi+Cl,2-k relative to the reference
sample fSi+Cl,2.
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Nomenclature

wi moisture content of soil sample—moisture variant no. i
pi pneumatic launcher pressures—pressure variant no. i

vi
velocity of the bar projectile at the moment of impact with the initiating
bar—velocity variant no. i

wopt,i optimum moisture content value—variant of soil sample type no. i

fSi+Cl,i
content of fine fractions with a grain diameter of less than 63 µm
(as the sum of silt and clay fractions)—variant of soil sample type no. i

fSa sandy fraction content
fSi silty fraction content
fCl clay fraction content
ρd,max maximum volumetric density of the soil skeleton
εI incident wave generates deformations in the initiating bar
εT transmitted wave generates deformations in the transmitting bar
εR reflected wave generates deformations in the initiating bar
L length of soil sample tested
d diameter of soil sample tested
ν Poisson’s ratio of soil sample tested

https://doi.org/10.37105/iboa.51
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content of fine fractions with a grain diameter of less than 63 µm
fSi+Cl,i-k (as the sum of silt and clay fractions)—variant of soil sample type no.

i for the variant variables during experiment no. k

∆ fSi+Cl,i-k − fSi+Cl,i
percentage change in granulometric composition through an increase in the
value of the silty and clay fraction fSi+Cl,i-k relative to the reference sample fSi+Cl,i
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