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Abstract. Achieving a high degree of compaction in coarse-grained soils is a critical requirement for
ensuring the stability, safety, and long-term performance of earth dams. This study presents the results
of comprehensive laboratory and field investigations aimed at identifying the optimal technological
parameters for compaction of coarse-grained soils used in hydraulic embankment construction. The
influence of grain-size distribution, fine fraction content, and compacted layer thickness on the
achieved dry density was systematically investigated. Laboratory experiments were performed using
the standard Soyuzdornii compaction apparatus and a vibration compaction device with a cylindrical
mold of 300 mm in diameter. Field investigations were conducted at an experimental test site using a
27-ton SANY vibratory roller with compacted layer thicknesses of 50, 70, and 80 cm. The
experimental results demonstrated that the highest dry density was achieved for a compacted layer
thickness of 50 cm, whereas increasing the layer thickness reduced compaction efficiency due to the
limited transmission of vibratory energy throughout the embankment. Furthermore, the proposed
grain-size modelling approach was validated by comparing laboratory and field test results,
confirming its applicability for reproducing the mechanical behaviour of natural coarse-grained soils
under controlled laboratory conditions. The findings provide practical recommendations for selecting
rational compaction parameters and can be applied in the design and construction of earth-filled
hydraulic structures to improve embankment quality, structural reliability, and long-term operational
performance.
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1. INTRODUCTION

At present, the construction of high earth dams remains one of the most important areas of
hydraulic engineering. The reliability and long-term performance of such structures largely depend on
the quality of embankment construction, where coarse-grained soils constitute the major portion of the
dam body. Owing to their high strength, excellent drainage capacity, and the availability of local
materials, these soils are widely used in the construction of rockfill and earth-rock dams,
transportation embankments, and other critical geotechnical structures [1-3].

One of the most important technological stages in dam construction is soil compaction. The degree
of compaction has a decisive influence on the strength, deformation, and hydraulic characteristics of
the material. Insufficient compaction may lead to differential settlements, increased permeability,
localized deformations, and a reduction in the long-term operational reliability of the structure [2—4].

Despite the considerable number of studies devoted to the mechanical behavior of coarse-grained
soils, the selection of optimal compaction parameters remains an important research challenge [5].
Significant difficulties arise from the highly heterogeneous particle-size distribution, the presence of
large rock fragments, and the inability to perform conventional laboratory tests without first
developing representative scaled models of the natural material [6]. Therefore, there is a need to
develop methodologies that ensure the comparability of laboratory and field investigation results [7].

Recent studies have demonstrated that compaction efficiency depends not only on the type of
compaction equipment but also on the thickness of the compacted layer, the content of fine particles,
the moisture content, the particle-size distribution, and the number of roller passes. A comprehensive
consideration of these factors makes it possible to improve the quality of embankment construction
and reduce the likelihood of operational defects during service [8-11].

The objective of the present study is to experimentally evaluate the influence of the principal
technological parameters governing the compaction of coarse-grained soils, to develop a methodology
for modeling their particle-size distribution, and to determine the optimal conditions for achieving
maximum dry density during the construction of earth dams [12-13].

2. METHODS AND MATERIALS

2.1. Study Materials

The study focused on coarse-grained soils widely used in the construction of earth-filled hydraulic
structures. Owing to their high shear strength, excellent drainage capacity, and resistance to external
loading, these materials are extensively employed in the supporting prisms of rockfill and earth dams,
where they play a key role in ensuring the overall stability and long-term performance of the structure
[14-16].

Despite their widespread application, achieving the required degree of compaction remains one of
the major engineering challenges associated with coarse-grained soils. This is primarily attributed to
the considerable variability in grain-size distribution, the presence of large particles, and the difficulty
of reproducing the natural structure of the material under laboratory conditions. Consequently, the
identification of rational compaction parameters is essential for improving the mechanical
performance, structural reliability, and service life of hydraulic earth structures [17].

The present study was undertaken to experimentally determine the optimum compaction conditions
for coarse-grained soils through an integrated programme of laboratory and field investigations, with
particular emphasis on evaluating the effects of grain-size characteristics and compaction technology
on the achieved soil density [1, 18-19].

2.2. Materials

The investigated material consisted of coarse-grained soil obtained from a quarry designated as the
primary source of construction material for the Pskem Hydropower Plant dam. The natural material
comprised a heterogeneous mixture of boulders, cobbles, crushed stone, gravel, sand, and fine
particles, with individual particle sizes reaching approximately 700-1000 mm.
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Since laboratory testing of natural coarse-grained soils containing particles of this size is
impractical using conventional testing equipment, model soil mixtures were prepared for the
experimental programme. During the modelling process, the proportion of fine particles smaller than 5
mm was preserved, while the sizes of the coarser fractions were reduced proportionally in accordance
with the adopted grain-size modelling procedure. This approach enabled the laboratory specimens to
reproduce the granulometric characteristics of the natural material while satisfying the dimensional
limitations of the testing equipment.

To evaluate the influence of fine fraction content on compaction behaviour, several model mixtures
with different grain-size distributions were prepared and tested under identical laboratory conditions.
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Fig. 1. Overview of the experimental program for investigating the compaction behaviour of coarse-
grained soils, including specimen preparation, laboratory testing, field compaction, and data analysis.

2.3. Laboratory compaction tests

In laboratory conditions, two compaction methods were employed to determine the maximum dry
density and optimum moisture content: the standard Soyuzdornii compaction method and the vibration
compaction method using a laboratory device with a diameter of 300 mm. Because the original
material contained particles up to 700-1000 mm, the grain-size composition was modelled according
to the Gidroproekt procedure, limiting the maximum particle size to 60 mm while preserving the
percentage of particles smaller than 5 mm [20].

The intermediate points of the model gradation curve were determined according to Equation (1).

n

P =(100—p..) —> +p._-
m = ( P<s) Tog P (1)

Model mixtures containing 10-25% fine fraction were prepared and compacted to determine the
relationship between fine fraction content and maximum dry density.

2.4. Field compaction tests
Prior to field testing, the vegetation layer was removed from a 100 x 100 m site, followed by
grading and preliminary compaction using a 27-ton SANY vibratory roller. Experimental
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embankments were then constructed in layers of 50, 70 and 80 cm. Each layer was moistened (200
L/m?) and compacted using the same vibratory roller.

Compaction quality was monitored after every two roller passes using the pit-hole method.
Moisture content and density were determined according to GOST 28514-90.

Fig. 2. Determination of the in-situ dry density of the first compacted layer using the pit-hole method
after initial vibratory compaction.

2.5. Field Investigation

Field investigations were carried out at a specially prepared experimental site located within the
construction area of the Pskem Hydropower Plant dam.

Prior to the field experiments, the vegetation layer was removed, after which the foundation surface
was levelled and preliminarily compacted to provide uniform testing conditions. Experimental
embankments with compacted layer thicknesses of 50, 70, and 80 cm were then constructed
sequentially to evaluate the influence of layer thickness on compaction performance.

Compaction was performed using a 27-ton SANY single-drum vibratory roller. Before each
compaction cycle, the soil was uniformly moistened to ensure consistent moisture conditions
throughout the experimental programme. The in-situ density of each compacted layer was determined
after every two roller passes using the pit-hole method in accordance with the requirements of GOST
28514-90. To improve the reliability and reproducibility of the experimental results, density
measurements were conducted at several control locations within each test section.

2.6. Experimental Data Analysis

The experimental results were analysed using an integrated engineering approach that combined
comparative evaluation of laboratory and field investigations, statistical analysis of the measured data,
and assessment of the influence of the principal technological factors governing soil compaction.

Particular attention was given to evaluating the effects of compacted layer thickness, fine fraction
content, and grain-size distribution on the maximum dry density achieved during compaction. The
laboratory and field results were systematically compared to assess the consistency of the proposed
testing methodology and to identify the parameters that most significantly influence compaction
efficiency.

Furthermore, the obtained findings were interpreted in the context of recent advances in the
mechanics of coarse-grained soils and modern embankment construction technologies. This
comprehensive analysis made it possible to establish the optimum compaction parameters capable of
achieving maximum dry density while maintaining the required strength and hydraulic performance of
the compacted material [21-23].
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3. RESULTS AND DISCUSSION

3.1. Evaluation of the Field Compaction Efficiency of Coarse-Grained Soils

The main objective of the field stage of the investigation was to evaluate the influence of
compaction-related technological parameters on the achieved density of coarse-grained soil during
earth dam construction. To address this objective, the experimental works were carried out at a
specially prepared test site that closely simulated actual field construction conditions. Compaction was
performed using a 27-ton SANY vibratory roller with the same number of roller passes for all test
sections, which made it possible to minimize the influence of equipment operating conditions and
focus primarily on the effect of compacted layer thickness [24-25].

The measurement results showed that the thickness of the compacted layer has a significant effect
on the transmission of compaction energy and, consequently, on the achieved soil density. The highest
density values were obtained for the 50 cm layer, whereas increasing the layer thickness resulted in a
change in soil density due to the redistribution and attenuation of vibratory energy with depth [26].

The obtained results are presented in Table 1.

Table 1. Effect of compacted layer thickness on the achieved soil density.

Compacted layer
thickness, cm

Relative change from the

; . 5
Dry soil density, t/m maximum value, %

50 2,19 0
70 2,13 —2,74
80 2,05 —6,39

As shown in Table 1, the highest dry soil density was achieved for a compacted layer thickness of
50 cm. Increasing the layer thickness to 70 cm resulted in a reduction in dry density of approximately
2.7%, whereas a further increase to 80 cm led to a decrease of more than 6% relative to the maximum
value. These findings indicate that increasing the thickness of the compacted layer gradually reduces
the efficiency of vibratory energy transmission throughout the soil mass, resulting in less effective
compaction of the lower portions of the embankment [27-30].

Fig. 3 illustrates the relationship between compacted layer thickness and the achieved dry density
of coarse-grained soil [31].
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Fig. 3. Effect of compacted layer thickness on the achieved dry density of coarse-grained soil.
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Analysis of the relationship presented in Fig. 3 indicates that the variation in dry soil density
exhibits a non-linear trend with increasing compacted layer thickness. As the layer thickness increased
from 50 cm to 70 cm, the reduction in dry density was relatively moderate. However, a further
increase to 80 cm resulted in a more pronounced decrease in density, indicating a progressive decline
in the effectiveness of vibratory compaction within the lower portion of the soil layer [32-34].

This behaviour can be attributed to the attenuation of vibratory energy as it propagates through the
coarse-grained soil mass. A considerable proportion of the applied compaction energy is dissipated
through particle rearrangement, interparticle friction, and the reorientation of coarse aggregates [35].
Consequently, as the compacted layer becomes thicker, the intensity of dynamic loading reaching the
lower part of the layer decreases, preventing the entire soil mass from achieving a uniform degree of
compaction. This process also increases the likelihood of residual voids and localized zones with
insufficient density.

105
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80
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Fig. 4. Relative compaction efficiency versus compacted layer thickness.

To provide a normalized assessment of the influence of layer thickness, the relative compaction
efficiency was calculated by taking the maximum dry density obtained for the 50 cm layer as 100%.
As shown in Fig. 4, the relative efficiency decreased to approximately 97.3% for the 70 cm layer and
to 93.6% for the 80 cm layer. Although the percentage reduction may appear moderate, even a small
decrease in dry density can be important for high earth dams because it may correspond to a
substantial volume of insufficiently compacted material across the entire embankment. The results
confirm that increasing layer thickness reduces the ability of the vibratory roller to produce a
uniformly compacted soil structure.
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Fig. 5. Relative loss of dry density with increasing compacted layer thickness.

Fig. 5 presents the loss of dry density relative to the optimum result obtained for the 50 cm
compacted layer. The density loss amounted to approximately 2.74% when the layer thickness was
increased to 70 cm and 6.39% when it was increased to 80 cm. The disproportionately greater loss
observed at 80 cm indicates that the relationship between layer thickness and compaction efficiency is
nonlinear. This finding suggests the existence of a limiting layer thickness beyond which additional
material depth cannot be effectively compacted using the adopted roller parameters and number of

passes.
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The physical mechanism responsible for the observed reduction in dry density is schematically
illustrated in Figure 6. The vibratory energy generated by the roller is transmitted from the surface into
the underlying soil mass. During propagation, part of this energy is dissipated through interparticle
friction, rearrangement of coarse particles, local particle rotation, and deformation at contact points. In
a relatively thin layer, a sufficient proportion of the applied energy reaches the lower boundary of the
compacted zone. In thicker layers, however, progressive energy attenuation prevents the lower part of
the layer from reaching the same degree of particle rearrangement and densification as the upper part.
This mechanism explains the reduced average dry density measured for the 70 and 80 cm layers.

From an engineering perspective, these findings have important practical implications for the
construction of earth dams. Increasing the thickness of the compacted layer does not necessarily
improve construction efficiency, despite reducing the number of placed layers [36-38]. On the
contrary, excessive layer thickness may compromise compaction quality and require either additional
roller passes or a reduction in layer thickness to achieve the target dry density.

Based on the obtained results, a compacted layer thickness of 50-70 cm is considered the most
appropriate when using a 27-ton SANY vibratory roller. This range provides an effective balance
between compaction efficiency and construction productivity while ensuring that the required density
and engineering performance of the embankment are achieved.

3.2. Effect of Fine Fraction Content on the Compaction Efficiency of Coarse-Grained Soils

The content of the fine fraction is one of the key factors governing the compaction efficiency of
coarse-grained soils. Variations in the proportion of particles smaller than 5 mm directly affect particle
packing density, void ratio, and the redistribution of contact stresses within the soil skeleton.
Therefore, a series of laboratory tests was conducted on model mixtures with different fine fraction
contents to investigate their influence on the maximum dry density of coarse-grained soils.

The experimental results demonstrated that increasing the fine fraction content within the
investigated range led to a gradual increase in the achieved dry density of the model mixtures. The
lowest density values were obtained for mixtures containing approximately 10% fine particles,
whereas increasing the fine fraction to 18-25% promoted more efficient filling of the voids between
coarse particles, resulting in the formation of a denser and more stable soil structure [39].

The obtained results are summarized in Table 2.

Table 2. Effect of fine fraction content on the maximum dry density of model mixtures.

Fine fraction content Maximum dry density of Maximum dry density
(<5 mm), % the model mixture, t/m? of natural soil, t/m?
10 1,88 2,00
18 1,98 2,13
25 2,06 2,25

The data presented in Table 2 indicate that increasing the proportion of fine particles promotes a
more efficient packing of soil particles of different sizes. The fine fraction fills the voids between
coarse particles, thereby reducing the void ratio and increasing the overall packing density of the soil.
This mechanism contributes to the formation of a denser soil skeleton, resulting in improved structural
stability and enhanced mechanical properties of the compacted material.

It should be noted, however, that the beneficial effect of the fine fraction is observed only within a
certain range of its content. Once the optimum fine fraction content is reached, most of the voids
between coarse particles become effectively filled. A further increase in the proportion of fine
particles may lead to the formation of an excessive fine-grained matrix, reducing the direct contact
area between coarse aggregates and impairing the drainage characteristics of the soil. Consequently,
the dry density no longer increases and, under certain conditions, may even decrease [40-41].

Fig. 7 illustrates the relationship between the maximum dry density and the fine fraction content of
the coarse-grained soil.
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Fig. 7. Effect of fine fraction content on the maximum dry density of coarse-grained soil.

The obtained relationship exhibits a pronounced nonlinear trend. At the initial stage, an increase in
the fine fraction content is accompanied by a substantial rise in the maximum dry density, which can
be attributed to the effective filling of the voids between coarse particles. As the grain-size distribution
approaches its optimum configuration, the rate of density increase gradually decreases because the soil
structure reaches its maximum packing efficiency. This optimized particle arrangement provides the
most favorable conditions for vibratory compaction, resulting in the highest achievable dry density.

The experimental findings are consistent with the current understanding of the mechanical
behaviour of coarse-grained soils. An optimum grain-size distribution increases the number of
interparticle contacts, reduces the likelihood of localized deformation, and promotes a more uniform
distribution of externally applied stresses throughout the soil mass. Furthermore, the increase in dry
density enhances the deformation modulus, reduces soil compressibility, and minimizes the potential
for differential settlement during the long-term service life of hydraulic earth structures [42] .

From a practical engineering perspective, the obtained results demonstrate that the fine fraction
content should be regarded as one of the key technological parameters in the preparation of coarse-
grained materials for earth dam construction. Careful control of the grain-size distribution during
quarry production and embankment placement makes it possible to achieve the required compaction
quality without a significant increase in the number of roller passes. Consequently, this approach
improves construction efficiency, shortens the construction period, and reduces overall construction
costs while maintaining the required engineering performance of the compacted embankment.
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Fig. 8. Conceptual mechanism of void filling at different fine-fraction contents.

Fig. 8 schematically demonstrates the effect of fine particles on the internal packing structure of
coarse-grained soil. At a fine-fraction content of approximately 10%, a considerable proportion of the
voids between coarse particles remains unfilled. Increasing the fine fraction to 18% improves the
filling of intergranular spaces and increases the number of particle contacts. At 25%, the soil skeleton
develops a denser packing configuration, which corresponds to the highest maximum dry density
recorded within the investigated range. The schematic interpretation is consistent with the
experimental results and confirms that the fine fraction acts as an effective void-filling component.

3.3. Evaluation of the Grain-Size Modelling Method for Coarse-Grained Soils

One of the major challenges in the laboratory investigation of coarse-grained soils is the inability to
directly test natural materials containing large rock fragments. In the investigated material, the
maximum particle size reached 700-1000 mm, whereas the dimensions of conventional laboratory
testing equipment impose strict limitations on the maximum allowable particle size. Consequently,
direct testing of natural coarse-grained soils without prior modification cannot provide reliable
estimates of their physical and mechanical properties.

To overcome this limitation, a grain-size modelling technique was adopted in the present study.
The proposed approach preserves the proportion of the fine fraction while proportionally reducing the
size of the coarse particles. Such a methodology ensures geometric similarity between the model
mixture and the natural material, allowing the fundamental mechanisms of interparticle interaction and
the overall grain-size distribution to be adequately reproduced under laboratory conditions.

During the preparation of the model mixtures, the intermediate grain-size distribution was
determined using the following relationship:

_(100-P_) P,
m 100 TPss

)

10
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where:
e P, —isthe percentage of a given particle-size fraction in the model mixture (%);
e P, —isthe percentage of the corresponding fraction in the natural coarse-grained soil (%);
e P_. —isthe content of particles smaller than 5 mm (%).

The proposed relationship eliminated the need for subjective selection of intermediate particle-size
fractions and provided a unified procedure for constructing the grain-size distribution of the model
mixtures. Unlike conventional approaches, which rely on arbitrary redistribution of individual particle-
size fractions, the proposed method preserves the overall shape of the grain-size distribution curve of
the natural coarse-grained soil. As a result, the model mixtures more accurately reproduce the
structural characteristics of the original material and provide a reliable basis for laboratory
investigations [43].

Fig. 9 compares the grain-size distribution curves of the natural coarse-grained soil and the
developed model mixture.
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Fig. 9. Grain-size distribution comparison between natural coarse-grained soil and its laboratory
model mixture.

Analysis of the obtained relationships shows that the overall pattern of particle-size distribution is
preserved after the modelling procedure. Minor deviations are observed only in the range of the
coarsest fractions, which is primarily associated with the dimensional limitations of the laboratory
equipment and does not significantly affect the formation of the contact structure of the soil skeleton.

It is particularly important that the grain-size distribution curves coincide in the fine and medium
fraction ranges. This ensures nearly identical conditions for the formation of the soil skeleton under
both laboratory and field conditions. These particle-size ranges largely control void filling, particle
packing density, and the efficiency of compaction energy transmission during vibratory loading.

To quantitatively assess the effectiveness of the proposed modelling method, the laboratory and
field test results were compared. The comparison showed that the differences between the achieved
density values remained within acceptable engineering limits. This indicates the high reproducibility
of the modelling results and confirms the applicability of the proposed method for designing
compaction technologies for coarse-grained soils.

The obtained results demonstrate that the use of model mixtures can substantially reduce the scope
of costly field tests without compromising the reliability of experimental data. At the same time, the
method enables preliminary evaluation of different grain-size distribution options, selection of the

11
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most effective compaction regimes, and prediction of the achievable soil density at the laboratory
testing stage.

Therefore, the proposed modelling method can be regarded not only as a procedure for preparing
laboratory specimens, but also as an independent engineering tool that improves the reliability of
design decisions in the construction of large earth-filled hydraulic structures.
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» Conclusion: The close correspondence between the model mixtures and natural soil confirms that the proposed
grain-size modelling approach is effective for reproducing the compaction behaviour of the natural material.

Fig. 10. Comparison of maximum dry density values obtained for the model mixtures and natural
coarse-grained soil.

Fig. 10 compares the maximum dry density values of the laboratory model mixtures with those of
the corresponding natural coarse-grained soil. Both datasets demonstrate the same increasing trend
with increasing fine-fraction content. For fine-fraction contents of 10, 18, and 25%, the model-mixture
densities were 1.88, 1.98, and 2.06 t/m?, respectively, whereas the corresponding natural-soil values
were 2.00, 2.13, and 2.25 t/m*. Although the absolute density values of the model mixtures were
lower, the similarity in the direction and magnitude of the response confirms that the adopted grain-
size modelling procedure reproduces the main compaction behaviour of the natural material.
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Fig. 11. Relative increase in maximum dry density with increasing fine-fraction content.

To compare the sensitivity of the two materials to changes in fine-fraction content, the density
increase was normalized relative to the result obtained at 10% fines. Increasing the fine-fraction
content from 10% to 18% increased the maximum dry density by approximately 5.3% for the model
mixture and 6.5% for the natural soil. At 25% fines, the corresponding increases reached
approximately 9.6% and 12.5%. The comparable response patterns indicate that the laboratory model
adequately captures the effect of fine-particle addition, although the natural material exhibits a
somewhat greater density gain.

3.4. Comparison of the Obtained Results with Recent Studies

The analysis of the laboratory and field investigations demonstrated that the compaction efficiency
of coarse-grained soils is governed by the combined influence of grain-size distribution, fine fraction
content, compacted layer thickness, and the operational parameters of the compaction equipment. The
obtained results confirm that variations in each of these factors alter the interparticle contact network,
void ratio, and the mechanism of dynamic energy transmission within the soil mass.

In recent years, considerable attention has been devoted to the compaction behaviour of coarse-
grained soils. Most previous studies have focused on the individual effects of grain-size distribution,
moisture content, compaction pressure, and vibration energy on the achieved soil density. However,
the combined influence of these factors under both laboratory and field conditions has received
considerably less attention.

The findings of the present study are consistent with the current understanding of the mechanisms
governing the formation of dense coarse-grained soil structures. The results indicate that reducing the
compacted layer thickness promotes a more uniform distribution of vibratory energy throughout the
soil mass. Consequently, particle rearrangement becomes more effective, the void ratio decreases, and
a higher dry density is achieved.

Particular attention should be paid to the role of the fine fraction. The experimental results
demonstrate that fine particles act as a filler within the voids formed by coarse aggregates, thereby
increasing the packing efficiency of the soil skeleton. Nevertheless, this beneficial effect is observed
only up to an optimum fine fraction content. Beyond this optimum, an excessive amount of fine
particles modifies the contact conditions between coarse particles, which may reduce drainage
capacity and consequently decrease compaction efficiency[44].
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These observations are in agreement with contemporary theories describing the contact mechanics
of granular materials, according to which the maximum dry density is achieved when coarse and fine
particles are combined in an optimum proportion. Under these conditions, a stable soil skeleton is
formed, allowing external loads to be transmitted more uniformly through the particle contact network
while minimizing the volume of internal voids.

It should also be emphasized that most previously published studies have been conducted either
exclusively under laboratory conditions or solely through field investigations. In contrast, the present
study proposes an integrated experimental approach combining laboratory and field testing through a
unified grain-size modelling methodology. This approach ensures direct comparability of the obtained
results and significantly improves the reliability and engineering applicability of the experimental
findings.

An additional advantage of the proposed methodology is its ability to predict the achievable dry
density during the laboratory stage of the investigation. This enables engineers to identify the optimum
compaction parameters, determine the appropriate compacted layer thickness, and evaluate the
influence of grain-size distribution before commencing large-scale field operations, thereby reducing
the need for extensive and costly field testing.

From a practical perspective, the proposed approach can be applied in the development of
construction specifications for earth dams, highway embankments, railway subgrades, and other
geotechnical structures incorporating coarse-grained soils. Its implementation can improve compaction
quality, reduce the occurrence of localized deformation, minimize additional construction work, and
enhance the long-term reliability and service performance of earth structures.

INPUT PARAMETERS PARTICLE REARRANGEMENT EARTH-DAM PERFORMANCE
[ (Compaction control factors) ] [ MECHANISM ] [ EFEECTS ON:SOIL STRUCTURE { (Overall benefits)

) Co;npactit:_n equipmer:t 1. Initial state (loose) Reduced void ratio
[ 2\ and operating parameters @ g & and porosity
:)Ln_ * Roller mass and frequency D »

« Vibration amplitude Q‘ f A Lezs pace fonyater
+ Number of passes A G ancialr
oA @Togs J
c e 1 ek Many voids, low contacts \
;ompa layer thickness =
(50 — 70 cm is optimal) | * Increased particle @ Improved stability
« Energy penetration depends o R g contacts and interlock Higher resistance to slope failure
on layer thickness 2. During compaction : « Stronger soil skeleton and deformation
/S | L J
‘ * ‘ * ‘ i @ Reduced settlements
pg—— . . N 3 ( \ . %
0°@ o Fine-fraction content > ’}' Q ‘. ‘" ’«’f e | Higher dry density More uniform and long-term
.99 (Optimal = 18-25 %) | | _’ performance
C00.0 d . g (Pamax)
10 e i e } 9557 Improved packing Lower risk of seepage
1 articlesmoveotateran | efficiency Enhanced safety against
i fill voids i N J g R 5
r N\ . » ’ piping and internal erosion
Moisture content ‘
(Optimum range) * ‘ ‘ Lower permeability (@ Increased durability
« Adequate moisture > T + Reduced seepage Better performance under
enables particle ~~— through the dam seismic and long-term loads
rearrangement | | 4
- ! y @ Enhanced reliability
Grain-size distribution W | oN \ } ‘ Greater stiffness | and service life
G@ (Well-graded) GES DSB I I IS | Ly and shear strength Improved overall safety of
GOO « Continuous gradation i Maximum contacts, i * Better feﬁiStanCe 1o the hydraulic structure
improves packing J minimum voids | deformation and failure

Optimal compaction parameters promote effective particle rearrangement and void reduction,
which lead to higher dry density, lower permeability, and improved stability and durability of earth dams.

Fig. 12. Conceptual relationship between compaction parameters, particle rearrangement, and earth-
dam performance.

The integrated mechanism established from the experimental programme is summarized in Figure
12. Appropriate selection of compacted layer thickness, fine-fraction content, moisture conditions, and
roller operating parameters promotes more effective particle rearrangement. This process reduces the
volume of internal voids and increases the dry density of the material. A denser and more uniform soil
skeleton is expected to improve stiffness, reduce compressibility, limit differential settlement, and
enhance the long-term performance of earth-filled hydraulic structures. Thus, the investigated
parameters should not be considered independently, because their combined influence determines the
final quality of the compacted embankment.
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Overall, the results of this study demonstrate that the combined consideration of compacted layer
thickness, grain-size distribution, and fine fraction content is essential for selecting rational
compaction technologies for coarse-grained soils. Furthermore, the proposed grain-size modelling
technique improves the reliability of laboratory investigations and provides a practical engineering
tool for the design and construction of modern earth-filled hydraulic structures [45].

4. CONCLUSIONS

This study presents a comprehensive evaluation of the compaction performance of coarse-grained
soils based on the combined analysis of laboratory and field investigations. The conducted
experimental programme made it possible to establish the fundamental relationships governing the
influence of grain-size distribution, fine fraction content, and compacted layer thickness on the
achieved dry density of coarse-grained soils used in the construction of earth-filled hydraulic
structures.

The results demonstrate that the compacted layer thickness is one of the key factors controlling the
efficiency of vibratory compaction. The highest dry density was achieved at a compacted layer
thickness of 50 c¢cm, whereas increasing the layer thickness to 70 cm and 80 cm resulted in a
progressive reduction in dry density due to the attenuation of vibratory energy transmission within the
lower part of the soil mass. These findings highlight the importance of selecting an appropriate layer
thickness to ensure effective compaction during the construction of large earth dams.

The study further confirms that the fine fraction content has a significant influence on the
development of a dense and stable soil skeleton. An optimum grain-size distribution enables fine
particles to effectively fill the voids between coarse aggregates, thereby increasing particle packing
efficiency and improving the mechanical properties of the compacted material. However, excessive
fine fraction content may alter the contact conditions between coarse particles, resulting in reduced
compaction efficiency and deterioration of the drainage characteristics of the soil.

A grain-size modelling methodology for coarse-grained soils was developed and experimentally
validated. The proposed approach, which preserves the proportion of the fine fraction while
proportionally reducing the size of coarse particles, provides a high level of similarity between
laboratory model mixtures and the natural material. Consequently, it improves the reproducibility of
laboratory investigations and provides a reliable basis for selecting optimum compaction parameters.

The comparison of laboratory and field results confirmed the reliability of the proposed
methodology and demonstrated its capability to predict the achievable dry density of coarse-grained
soils at the laboratory stage of the investigation. This approach substantially reduces the need for
expensive field testing, optimizes construction procedures, and improves quality control during
compaction operations.

The practical significance of the present study lies in the applicability of the obtained results to the
design and construction of earth-filled hydraulic structures, including earth-rockfill dams. The
proposed recommendations can improve compaction efficiency, ensure the required dry density of
embankment materials, reduce construction time, and enhance the long-term durability and operational
reliability of hydraulic structures.

Overall, the findings of this study demonstrate that the combined consideration of compacted layer
thickness, grain-size distribution, and fine fraction content is essential for the development of efficient
compaction technologies for coarse-grained soils. Furthermore, the proposed grain-size modelling
methodology represents a practical engineering tool that can be effectively applied in the design and
construction of modern earth-filled hydraulic structures and provides a solid foundation for future
research on the mechanical behaviour and compaction characteristics of coarse-grained geomaterials.

15



10.

11.

12.

13.

14.

15.

16.

17.

18.

CrpoutensHble MaTepuaisl u usgeans/Construction Materials and Products. 2026. 9 (5)

REFERENCES

Korolev V.A., Zhang Shengrong The Application of Graphical Method to Create Sandy Soils
with Given Physic-Mechanical Properties. Journal of Civil, Construction and Environmental
Engineering. 2016. 1 (1). P. 1 —11. doi: 10.11648/j.jccee.20160101.11

Artykbaev D., Baibolov K., Rasulov H. Stability analysis of fine soils from a road project, M32
Samara — Shymkent (Russia — Kazakhstan). International Journal of GEOMATE. 2020. 19 (76).
P. 205 - 212.

Ismail A.S., Nie Z., Ahmad A., Ali S., Lai R. Compaction behavior of coarse-grained soil under
various vibration frequencies: A DEM study. Engineering Computations. 2024. 41 (10). P. 2632
—2658. DOI: 10.1108/EC-01-2024-0057

Rasulov Kh.Z., Toshmatov E.S., Artykbaev D.Zh. Earthquake-resistant steepness of slope
structures. AIP Conference Proceedings. Tashkent, Uzbekistan, 2023.

Tang J.Y., Xu D.S., Liu H.B. The effect of gravel content on the shear behavior of a sand-gravel
mixture. Rock and Soil Mechanics. 2018. 39 (1). P. 93 — 102.

Hardin B.O. Crushing of soil particles. Journal of Geotechnical Engineering. 1985. 111 (10). P.
1177 —1192.

Alai E., Mahbubi A. A discrete model for modeling the shear strength and deformation behavior
of a stone embankment material taking into account the phenomenon of particle destruction.
Granular Matter. 2012. 14 (6). P. 707 — 717.

Huang M., Yao Yu., Yin Z., Liu E., Lei H. Review of elementary mechanical behavior,
structural modeling and soil fracture criteria. Chinese Civil Engineering Journal. 2016. 49 (7).
P.9-35.

Liu M.K., Meng F., Wang Yu. Evolution of particle crushing of coarse-grained materials in
large-scale triaxial tests. Chinese Journal of Geotechnical Engineering. 2020. 42 (3). P. 561 —
567.

Bedov A.l., Gabitov A.l.,, Domarova E.V., Kolesnikov A.S. Investigation of the stress-strain
state of domical masonry vaults. Construction Materials and Products. 2023. 6. P. 6.

Xiao Y., Liu H., Chen Q. Effects of particle size on crushing and deformation behaviors of
rockfill materials. Geoscience Frontiers. 2020. 11 (2). P. 495 - 507. DOI:
10.1016/j.9sf.2018.10.010

Zhanikulov N.N., Khudyakova T.M., Taimasov B.T., Sarsenbayev B.K., Dauletiarov M.S.,
Kolesnikov A.S., Karshygayev R.O. Receiving Portland Cement from Technogenic Raw
Materials of South Kazakhstan. Eurasian Chemico-Technological Journal. 2019. 21 (4). P. 333
— 340.

Zhangabay N., Suleimenov U., Utelbayeva A., Buganova S. Experimental research of the stress-
strain state of prestressed cylindrical shells taking into account temperature effects. Case Studies
in Construction Materials. 2022. 18. e01776.

Kulikova E., Balovtsev S.V., Skopintseva O.V. Complex estimation of geotechnical risks in
mine and underground construction. Sustainable Development of Mountain Territories. 2023.
15.P. 7 - 16.

Kulikova A.A., Kovaleva A.M. Use of tailings of enrichment for laying of the developed space
of mines. MIAB. Mining Inf. Anal. Bull. 2021. 2-1. P. 144 — 154,

Hristova G., Dallev M., Tihanov G. Design parameters of furrow forming and compacting roller
of the combined seeder STS-80. Agricultural Science and Technology. 2021. 13 (3). P. 292 —
294.

Wu E., Zhu J., Guo W., Zhang Z. Effect of Gradation on the Compactability of Coarse-Grained
Soils. KSCE Journal of Civil Engineering. 2020. 24. P. 356 — 364.

Chen Xb., Chen L., Zhang J. Permanent Deformation Behavior of Coarse-Grained Residual
Subsoil Under Large Amplitude Loading Cycles. In: Tutumluer E., Chen X., Xiao Y., eds.
Advances in Environmental Vibration and Transportation Geodynamics. Lecture Notes in Civil
Engineering. 66. Singapore: Springer; 2020. doi: 10.1007/978-981-15-2349-6_16

16



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

CrpoutensHble MaTepuaisl u usgeans/Construction Materials and Products. 2026. 9 (5)

Zhangabay N., Suleimenov U., Utelbayeva A., Kolesnikov A., Baibolov K., Imanaliyev K.,
Moldagaliyev A., Karshyga G., Duissenbekov B., Fediuk R., et al. Analysis of a Stress-Strain
State of a Cylindrical Tank Wall Vertical Field Joint Zone. Buildings. 2022. 12. P. 1445.

Chen C., Indraratna B., McDowell G., Rujikiatkamjorn C. Discrete element modelling of lateral
displacement of a granular assembly under cyclic loading. Computers and Geotechnics. 2015.
69. P. 474 — 484,

Zhangabay N., Sapargaliyeva B., Suleimenov U., Abshenov K., Utelbayeva A., Kolesnikov A.,
Baibolov K., Fediuk R., Arinova D., Duissenbekov B., et al. Analysis of Stress-Strain State for
a Cylindrical Tank Wall Defected Zone. Materials. 2022. 15. P. 5732.

Ning Zh., Yudong Sh. Analysis of Highway Subgrade Construction Technology and Subgrade
Compaction Quality Control Measures. Engineering Technology. 2022. 6. P. 15 — 20.

Ghorashi S.M.S., Khodaparast M., Khodajooyan Qomi M. Compaction Quality Control of
Coarse-grained Soils Using Dynamic Penetration Test Results through Correlation with
Relative Compaction Percentages. International Journal of Engineering. 2023. 36 (3). P. 473 —
480.

Kolesnikov A.S., Zhanikulov N.N., Syrlybekkyzy S., Kolesnikova O.G., Shal A.L. Utilization
of Waste from the Enrichment of Non-Ferrous Metal Ores as Secondary Mineral Raw Materials
in the Production of Cement Clinker. Ecology and Industry of Russia. 2023. 27 (1). P. 19 — 23.
Abbazov I., Kaldybaev R., Bektureyeva G., Kerimbekova Z., Yeshzhanov A., Botabaev N.,
Kaldybayeva G., Kenzhibayeva G., Izteuov G., Kolesnikov A. Theoretical Researching of
Particle Movement in Cleaning Zone of Dust-Arrester. Polish Journal of Environmental Studies.
2023.32(4).P.1-8.

Skopintseva 0.V., Ganova S.D., Buzin A.A., Fedotova V.P. Measures to reduce dusting during
loading and transportation of solid mineral resources. Gornyi Zhurnal. 2019. 12. P. 76 — 79.
Ibragimov K., Artykbaev D., Baibolov K., Nazarov K. Field deformation stamp experiments.
Works of Saginov Technical University. 2021. 3 (84). P. 166 — 171.

Baibolov K., Artykbaev D., Aldiyarov Zh., Karshyga G. Experimental investigations of the
coarse-grained soil in the dam of the Pskem hep. News of the National Academy of Sciences of
the Republic of Kazakhstan. Series of Geology and Technical Sciences. 2022. 1 (451). P. 21 —
32.

Kronik Ya.A. Reliability and Safety of the Foundations of Buildings and Structures on
Permafrost. Soil Mechanics and Foundation Engineering. 2017. 54. P. 198 — 201.

Ostrowski K., Oleksik K. Comparative analysis of the coarse aggregate shapes used to
manufacturing high performance self-compacting concrete. Czasopismo Techniczne. 2018. 7. P.
75 — 86.

Zhangabay N., Giyasov A., Ybray S., Tursunkululy T., Kolesnikov A. Field thermovision study
of externsl enclosure for multi-storey residential building under climatic conditions of Northern
Kazakhstan. Construction Materials and Products. 2024. 7. P. 1 — 21.

Gerasimova E.B., Melnikova L.A., Loseva A.V. Ecological safety of construction in single-
industry town. Construction Materials and Products. 2023. 6 (3). P. 59 — 78.

Cai Z.-Y., Li X.-M., Guan Y.-F., Huang Y.-H. Particle breakage rules of rockfill materials.
Chinese Journal of Geotechnical Engineering. 2016. 38 (5). P. 923 — 929. DOI:
10.11779/CJGE201605019

Filin A.E., Kurnosov LY., Kolesnikova L.A., Ovchinnikova T.l. Description of The
Methodology for Conducting an Experiment on Dust Deposition of Mining and Metallurgical
Production. Ugol. 2022. 9. P. 67 — 72.

Kulikova E., Balovtsev S.V., Skopintseva O.V. Complex estimation of geotechnical risks in
mine and underground construction. Sustainable Development of Mountain Territories. 2023.
15. 7-16.

Yessenbayev B.A., Naukenova A.S., Shapalov S.K., Ramatullaeva L.l., Ivakhniyuk G.K.
Analysis of the impact of bauxite dumps on the environment and public health. MIAB. Mining
Inf. Anal. Bull. 2024. 3. P. 55 — 69.

Kulikova E.Y., Balovtsev S.V. Risk control system for the construction of urban underground
structures. IOP Conf. Ser. Mater. Sci. Eng. 2020. 962. 042020.

17



CrpoutensHble MaTepuaisl u usgeans/Construction Materials and Products. 2026. 9 (5)

38. Zhangabay N., Giyasov A., Bakhbergen S., Tursunkululy T., Kolesnikov A. Thermovision
study of a residential building under climatic conditions of South Kazakhstan in a cold period.
Construction Materials and Products. 2024. 7. P. 1.

39. Kulikova E.Yu., Konyukhov D.S. Accident risk monitoring in underground space development.
MIAB. Mining Inf. Anal. Bull. 2022. 1. P. 97 — 103.

40. Fard M.Y. A method for determining hydraulic conductivity and diffusivity of unsaturated soils.
In: Rahardjo H., Toll D.G., eds. Unsaturated Soils for Asia. 1st ed. Boca Raton, Florida, United
States: CRC Press. 2020. P. 375 — 3809.

41. Peng W., Lu Y., Wang M., Ren T., Horton R. Determining water content and bulk density: The
heat-pulse method outperforms the thermo-TDR method in high-salinity soils. Geoderma. 2022.
407. P. 115564.

42. Artykbaev D.zh., lbragimov K., Aubakirova F.Kh., Karatayev M., Polat E. Research and
laboratory methods for determining coarse soils at the experimental site during the construction
of an earth dam. News of the National Academy of Sciences of the Republic of Kazakhstan.
Series of Geology and Technical Sciences. 2024. 2 (464). P. 8 — 23.

43. Shabayev S.N., Krupina N.V., Shalamanov V.A., Martel N.A., Shtark A.l. Oblique shear
method for determining strength performance of pre-compacted very coarse soils. News of the
Ural State Mining University. 2020. 3 (59). P. 115 —122.

44. Tilloev K.Z. Mathematical model of the working process of cone-shaped roller. Bulletin of the
South Ural State University. Series of Mechanical Engineering Industry. 2019. 19 (3). P. 60 —
67.

45.  Artykbaev D., Dosaliyev K., Duisenbekov B., Nurseitov S., Mizamov N. Seismic resistance of
loess soils. E3S Web of Conferences. 2024. 474. P. 01035.

INFORMATION ABOUT THE AUTHORS

Artykbaev D.Zh., e-mail: artykbaev_d@mail.ru, ORCID ID: https://orcid.org/0000-0003-4794-8707, SCOPUS:
https://www.scopus.com/authid/detail.uri?authorld=57211270844, M. Auezov South-Kazakhstan University, Department of
Industrial, Civil and Road Construction, Candidate of Engineering Sciences (Ph.D.), Associate Professor

Turlybekova M.R., e-mail: m_turlybekova78@mail.ru, ORCID ID: https://orcid.org/0000-0001-8591-0051, SCOPUS:
https://www.scopus.com/authid/detail.uri?authorld=57202755932, Almaty Technological University, Kazakhstan, Head of the
Department of Chemistry and Ecology, Candidate of Technical Sciences (Ph.D.)

Imanov  Ye., e-mail: e.imanov@ktu.edu.kz, ORCID ID: https://orcid.org/0000-0002-6504-8799, SCOPUS:
https://www.scopus.com/authid/detail.uri?authorld=57219778542, Abylkas Saginov Karaganda Technical University,
Department of «Building Materials and Technologies», Candidate of Engineering Sciences (Ph.D.), Senior Lecturer

Zhatkanbayev Y.T., e-mail: ergazy-1980@mail.ru, ORCID ID: https://orcid.org/0000-0001-6955-806X, SCOPUS:
https://www.scopus.com/authid/detail.uri?authorld=58410220600, M. Auezov South-Kazakhstan University, Kazakhstan,
Department of «Chemistry», Candidate of Technical Sciences (Ph.D.), Associate Professor

Yessenaliyev A.E., e-mail: Askat_01.31@mail.ru, ORCID ID: https://orcid.org/0000-0002-9391-499X, SCOPUS:
https://www.scopus.com/authid/detail.uri?authorld=57200371435, M. Auezov South-Kazakhstan University, Kazakhstan,
Department of Civil Law and Civil Procedure, Associate Professor

Kolesnikova O.G., e-mail: ogkolesnikova@yandex.kz, ORCID ID: https://orcid.org/0000-0001-6871-8367, SCOPUS:
https://www.scopus.com/authid/detail.uri?authorld=57210585138, M. Auezov South Kazakhstan University, Kazakhstan, Master
of Engineering and Technology

Dyussembin  Y.A., e-mail: dyusembiny@mail.ru, ORCID ID: https://orcid.org/0009-0009-8548-9514, SCOPUS:
https://www.scopus.com/authid/detail.uri?authorld=60408755300, ALT University named after Mukhamedzhan Tynyshpayev,
Kazakhstan, Department «Motor Vehicles and Life Safety», Candidate of Technical Sciences(Ph.D.), Associate Professor

Ramatullayeva L.lI., e-mail: ramatullaeva_l@mail.ru, ORCID ID: https://orcid.org/0000-0003-1771-9903, SCOPUS:
https://www.scopus.com/authid/detail.uri?authorld=57218892076, M. Auezov South Kazakhstan University, Kazakhstan,
Department of «Life Safety and Environmental Protection», Candidate of Technical Sciences (Ph.D.), Associate Professor

18


https://f.kh/
https://www.scopus.com/authid/detail.uri?authorId=57202755932
https://www.scopus.com/authid/detail.uri?authorId=57219778542
https://www.scopus.com/authid/detail.uri?authorId=57200371435
https://www.scopus.com/authid/detail.uri?authorId=

