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Abstract

The high salt content, low permeability, and fragile structure of saline-alkali land severely
constrain the construction and development of irrigation channels. Compaction is an
effective means of improving the soil’s engineering performance. Previous studies in this
field have mostly been limited to two-dimensional numerical simulations and generally
lack systematic physical experiments to support their findings, resulting in an insuffi-
cient understanding of the three-dimensional deformation mechanism and macroscopic
mechanical response of soil during compaction. In view of the above limitations, this
study adopts a comprehensive research framework of “physical experiment-numerical
simulation”. Conducting indoor rolling model tests of control variables and simultaneously
constructing the corresponding 2D and 3D discrete element models based on the MatDEM
platform revealed the influence of curing agent dosage (10% and 25%), loosely laid sample
thickness (10 cm and 30 cm), and number of rolling passes on the compaction effect. The
test results show that the degree of compaction increases in a typical three-stage pattern of
“rapid rise-slow growth—gradual stabilization” with the number of rolling passes, and the
number of economic rolling passes is from 4 to 6. Increasing the dosage of the curing agent
and reducing the thickness of application both significantly improve the uniformity of
compaction and the final density. Numerical simulation further reveals that the 3D model
can more accurately reflect the three-dimensional stress state of the soil and the spatial
movement of particles, and that the simulation results are in higher agreement with the
experimental data. The 2D model has greater computational efficiency and can capture
the main compaction trends under specific simplified conditions, but it has deficiencies in
quantitative accuracy. This study verified the effectiveness and advantages of MatDEM in
simulating complex geotechnical compaction processes, providing theoretical support for
an in-depth understanding of compaction mechanisms and the optimization of construction
parameters using discrete element methods.

Keywords: rolling test; MatDEM; saline—-alkali soil; numerical simulation

1. Introduction

Saline—alkali soil refers to soil containing soluble salts at concentrations greater than
or equal to 0.3% but less than 20%, exhibiting engineering characteristics such as sub-
sidence or salt heaving. Due to the high concentration of soluble salts in saline—alkali
soil, channels constructed in saline—alkali areas are highly susceptible to problems like
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soil erosion, soil disintegration, and expansion erosion [1-4]. The use of technology that
improves solidification has become a key strategy in saline-alkali soil remediation be-
cause of its high efficiency and cost-effectiveness. To address the aforementioned situation,
this paper employs a novel salt-affected soil stabilizer. After adding the stabilizer and
compacting the soil through rolling, the treated soil achieves the strength performance
requirements for channel construction. Among the most common on-site construction
techniques, compaction governs the long-term stability and engineering performance of
solidified soil bodies. Although existing research has explored the consolidation mix
design and macromechanical properties of saline-alkali soils in depth, the macro-micro
response mechanisms of consolidated saline—alkali soils under compaction loads remain
unclear. Traditional laboratory tests can yield macroscopic compaction indices but struggle
to capture the dynamic evolution of internal soil structures in real time. Conventional
continuum numerical models also exhibit significant limitations when simulating particle
fragmentation and large deformation phenomena.

The Discrete Element Method (DEM) is increasingly applied in geotechnical engineer-
ing, demonstrating unique advantages in simulating soil-machine interactions, vibratory
compaction, and dynamic compaction processes. Three studies showcase DEM’s modeling
capabilities and ability to reveal micro-mechanisms across diverse scenarios: agricultural
tire compaction, the vibratory compaction of rubber-sand mixtures, and the dynamic
compaction of gravelly soils. Acquah [5] developed a soil-tire interaction model using
DEM to simulate changes in soil pressure under varying compaction cycles, validating the
model’s accuracy with experimental field data. The results indicated that the maximum
soil pressure increases with rolling passes, though the model accurately predicts the first
two passes while exhibiting significant errors thereafter—likely due to its omission of hard
layers and density stratification. Sun [6] employed a two-dimensional DEM to simulate the
compaction of rubber—sand mixtures by vibratory rollers, revealing the substantial effects
of rubber content and compaction parameters (frequency, speed, mass) on compaction
outcomes. The optimal vibration frequency increased as the rubber content increases (from
30 Hz to 35 Hz), with a 20% rubber content at 35 Hz yielding the best compaction results
and lowest energy consumption. The study also revealed micro-mechanisms through force
chains, displacement fields, and velocity fields. Ma [7] focused on the dynamic compaction
of gravelly soils using the dynamic compaction method, employing PFC2D/PFC3D to
analyze changes in porosity and the effectiveness of compaction. The results indicated
that a reduction in porosity positively correlated with the contact stiffness and hammer
weight, while negatively correlating with the dynamic hysteresis parameters. The maxi-
mum influence depth in three-dimensional simulations was lower than in two-dimensional
simulations, demonstrating the significant impact of geometric dimensions on simulation
outcomes. Jing et al. [8] conducted discrete element simulations using MATDEM software
on semi-rigid subgrades, crushed stone subgrades, and geogrid-reinforced crushed stone
subgrades. They systematically analyzed the strain, displacement distribution, and fail-
ure patterns of the three structures under bending loads, revealing the positive effect of
geogrid reinforcement in enhancing subgrade bending resistance and extending service life.
However, existing research has primarily focused on single material layers or simplified
models, with insufficient investigation into the synergistic working mechanism between
the reinforced structure and the base course.

In landslide disaster research, rock landslides in reservoir areas exhibit more complex
deformation mechanisms and failure processes due to the influence of reservoir water level
fluctuations. Chen et al. [9], using the Tanjiahe landslide in the Three Gorges reservoir
area as a case study, combined field monitoring with MatDEM numerical simulations.
They revealed that high reservoir water levels and sudden drops are the primary external
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factors inducing landslide deformation, while internal permeability variations control
the deformation response characteristics. This study further simulated the push-type
failure process and surge wave hazards of landslides, providing a theoretical basis for
predicting reservoir landslide disasters. Regarding rockfall hazards, columnar rock masses
garner significant attention due to their high aspect ratios, frequent instability, and potent
destructive force. Jin et al. [10] established a two-dimensional discrete element model on
the MatDEM platform using the Zengziyan columnar rockfall in Chongqing as a case study,
investigating the dynamic fragmentation behavior of falling rocks during their motion.
Through fragment identification and grain size distribution analysis, they found significant
fragmentation during initial failure and collisions, resulting in fractal characteristics of
the debris size distribution. Fragmentation severity was positively correlated with travel
distance. This study reveals the influence of fragmentation on rockfall motion at the
granular scale, addressing previous research gaps in simulating dynamic fragmentation
processes in real-world cases.

In recent years, the Discrete Element Method (DEM) has been widely employed in
geotechnical engineering due to its unique ability to describe the micromechanical behavior
of granular materials. MatDEM, as a domestically developed high-performance DEM
software leveraging GPU parallel computing capabilities, can efficiently simulate the com-
plex contact behavior of millions of particles. It is particularly suitable for the mechanical
analysis of discontinuous media such as soil-rock mixtures and cemented soils [11-16].
However, current DEM research on the compaction process of solidified saline—alkali soils
still exhibits significant limitations: First, existing simulations are predominantly confined
to two-dimensional (2D) models, making it challenging to accurately reflect lateral ex-
trusion effects and spatial stress distributions under three-dimensional soil-compactor
interactions. Second, the lack of systematic validation through coordinated laboratory
testing raises questions regarding the calibration of micromechanical parameters and the
overall reliability of the models.

Based on this, this study proposes a dual-track research framework combining experi-
ments and simulations:

(1) Conduct controlled variable indoor compaction model tests, precisely documenting
the evolution of soil settlement, dry density, and compaction degree under varying numbers
of compaction passes to establish a macro-response database;

(2) Utilize the MatDEM platform to concurrently develop 2D and 3D discrete element
models aligned with experimental data, systematically evaluating the capability, accuracy,
and limitations of both models in reproducing the macroscopic mechanical behavior of
compacted soil.

For the first time, this study applies the domestically developed MatDEM soft-
ware to the full-dimensional simulation (2D/3D) of the compaction process for solidified
saline-alkali soil. Through rigorous experiment-simulation cross-verification, it demon-
strates the non-negligible nature of three-dimensional effects in compaction simulation.
The findings provide theoretical support for enhancing our understanding of compaction
mechanisms and optimizing the design of construction parameters, while advancing the
practical application of high-performance discrete element technology in engineering.

2. Materials and Methods

2.1. Indoor Crushing Test
2.1.1. Compaction Test Materials

e  Saline—Alkali Soil

The saline-alkali soil sample used for testing was collected near Erlongshan on Provin-
cial Highway 211 in Zhenlai County, Baicheng City, Jilin Province.
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e Cement
Portland cement with specification P.O42.5 was used for the test.
e  Sodium Silicate

The sodium silicate used in this test is a fast-dissolving powdered sodium silicate with
a modulus of 2.0.

e TFibers

The fibers used in this test are basalt chopped fibers. When used, they should be
mixed with a small amount of sand and formed into balls.

e  Curing Agent

The curing agent used in this test is an inorganic curing agent independently devel-
oped by our research team, primarily composed of the aforementioned cement (accounting
for 76-88% of the total curing agent mass), silicate, and basalt fiber.

2.1.2. Test Soil Samples
e  Physical and Chemical Properties of Saline—Alkali Soil

In accordance with the requirements of the Standard for Geotechnical Test Methods
(GB/T 50123-2019) [17], the physical properties of the test soil samples were determined.
First, the liquid and plastic limits of the soil samples were determined using a combined
liquid-plastic limit tester, and the plasticity index was calculated based on these values.
Subsequently, the optimal moisture content and maximum dry density of the soil samples
were obtained through compaction tests. Details of the test results are presented in Table 1.

Table 1. Physical properties of saline—alkali soil.

Liquid Limit (%)

Plastic Limit (%) Plasticity Index

Optimum Moisture Maximum Dry
Content (%) Density (g/cm?)

27.27

14.99 12.28 12.22 1.85

The chemical properties of the test soil samples primarily include their pH, total soluble
salts, and concentrations of eight major ions. Each test corresponds to the procedures
specified in the Standard Test Methods for Soil. To determine the pH of the test soil sample,
the soil sample leachate must be prepared by filtration. The probe of an electronic pH
meter is then immersed in the leachate. The measured pH of the soil sample was 9.3. To
determine the total content of soluble salts, the leachate from the soil sample is used and
measured via the evaporation method. The determination of soluble salt ion concentrations
strictly follows the standard specifications. The total content of soluble salts in the soil
sample was found to be 0.816%. The results for the individual ion concentrations are shown
in Table 2.

Table 2. Chemical properties of saline—alkali soil.

Soluble Salt Ion Content (g/kg)

Potassium

Sodium

Calcium Magnesium  Carbonate Bicarbonate  Chloride Sulfate

0.12

1.76

0.704 0.16 0.72 1.61 0.11 0.42

e  Compaction Test for Stabilized Soil

As this study primarily serves channel construction in saline—alkali soil regions, ac-
cording to Technical code of practice for solidification treatment of saline-alkali soil on
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river and channel slope (DB22/T 3506-2023) [18], the recommended curing agent dosage
for channel subbases is 8-12%, while that for protective layers is 20-30%. Therefore, this
study employs stabilized soil with curing agent dosages of 10% and 25%.

In accordance with the requirements of the Standard for Geotechnical Test Methods,
compaction tests were conducted on stabilized soil samples with stabilizer contents of 10%
and 25%. The mass of stabilizer added was calculated using Formula (1).

m=kM, 1)

where m is the mass of added curing agent (g); k is the curing agent dosage (%); and M is
the mass of saline-alkali soil (g).
The compaction test results are shown in Figure 1:

1.855
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Figure 1. Compaction curve of soil sample: (a) 10% curing agent dosage; (b) 25% curing agent content.

The compaction patterns indicate that as the curing agent content increases from 10%
to 25%, the maximum dry density of the soil decreases (from 1.897 g/cm? to 1.853 g/cm?).
This is primarily because the density of the curing agent particles themselves may be lower
than that of soil particles. Their incorporation replaces part of the soil and occupies space
between soil particles, resulting in a slight decrease in the total mass of solid particles per
unit volume (i.e., dry density). Simultaneously, the reaction between the curing agent and
soil particles may alter the arrangement and flocculation state of the particles, thereby
affecting the degree of compactability. Conversely, increasing the solidifier dosage raises
the optimum moisture content (from 11.5% to 13.0%). This occurs because the solidifier’s
hydration reaction consumes additional water. Higher dosages demand more water for
hydration. Consequently, more water is required to lubricate soil particles and supply
reaction water, thereby achieving optimal compaction results.

2.1.3. Compaction Test Plan
o  Test Site

The test site consists of a rectangular flat area measuring 3 m in length and 1.4 m in
width. Prior to testing, the foundation was cleared and leveled according to the design

drawings. All debris and waste materials were completely removed. After foundation
clearance, any low-lying areas were compacted and filled.

e  Test Equipment

(1) Considering the scale of indoor testing, the compaction equipment selected for this
test is the GTYLJ-2.5T double-drum vibratory roller.
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(2) HDJ-B geotechnical electric compaction tester, ring knife (volume 100 cm?), soil
cutting knife, electronic scale, aluminum box, oven, etc.

e  Test Method:

First, sufficient quantities of stabilized soil specimens with curing agent contents of
10% and 25% were prepared according to the established mix design. The moisture content
of the test soil was strictly controlled within +2% of the optimum moisture content. For
each curing agent content, compaction tests were conducted with loose layers of 10 cm and
30 cm thickness.

Following mixing and leveling, uniform static compaction was performed within
30 min using a roller at a constant speed of 0.3 m/s. After each compaction pass, soil
compaction was measured three times at equidistant positions using the ring knife method,
with the average value recorded. The surface elevation of the cured soil layer was also
documented to calculate compressive deformation. The compaction degree of rolled and
cured soil is calculated according to Formulas (2) and (3).

_ P
P4 = 1001w @

Do = P4 % 100% 3)
Od_max

In the formula, p represents the wet density of the soil sample, w represents the
moisture content of the soil sample, pq represents the dry density of the soil sample, o4 5y
represents the maximum dry density of the soil sample, D. represents the compaction
degree of the soil sample.

2.2. MatDEM Numerical Simulation
2.2.1. Introduction to the Discrete Element Method (MatDEM)

MatDEM is based on the fundamental principles of the discrete element method. By
simulating interactions among numerous particle elements, it reproduces the mechani-
cal behavior of granular materials such as rock and soil under external loads. Its core
innovation lies in employing a matrix computation approach, thus transforming tradi-
tional particle-by-particle calculations into efficient matrix operations. This fully lever-
ages the parallel computing capabilities of GPUs, enabling large-scale, high-efficiency
numerical simulations [19-25].

When simulating compaction tests, MatDEM demonstrates reliable numerical imple-
mentation and robust validation foundations. Its linear elastic contact model and cohesion-
sliding mechanism accurately characterize the force transmission, compression, and shear
processes between particles. Successfully applied to various geotechnical mechanical be-
havior simulations, it ensures the validity and credibility of modeling large-deformation,
multi-contact problems such as compaction.

The discrete element method constructs geotechnical models by assembling and
bonding a series of particles with specific mechanical properties. Based on this framework,
numerical simulations are performed using time-step iterative algorithms. In the most
fundamental linear elastic model, particles are assumed to interact through springs that
generate forces. Normal forces and normal deformations between particles can be simulated
using normal springs between them. Initially, particles are interconnected with adjacent
particles, acting as springs under both tensile and compressive forces. When the normal
relative displacement between two particles exceeds the fracture displacement, the spring
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breaks. The tensile force between particles disappears, leaving only compressive forces to
act. The normal force (F;;) between particles can be expressed by Formula (4).

KXy, Xn < X3, Complete Connection
F, = K, X, X,, < 0,Connection Disconnected , 4)
0, X, > 0, Connection Disconnected

In the formula, K}, is the normal stiffness; X;; is the normal relative displacement; Xj, is
the fracture displacement.

The shear force (F;) and shear deformation between particles are simulated using a
tangential spring, as described by the principle in Formula (5).

F, = K. X, )

In the formula, K; represents the tangential stiffness; X; represents the tangential
displacement.

Similarly, springs also exhibit failure criteria in the tangential direction, based on the
Mohr-Coulomb criterion. Specifically, as shown in Formula (6).

Fsmax = Fso — ,upFn; (6)

In the formula, Fsmax represents the maximum shear force; Fsy denotes the shear
resistance between particles; and y,, is the friction coefficient between particles. In the
Mohr-Coulomb criterion, the maximum shear strength between units correlates with the
initial shear strength. Fyy represents the maximum shear force units can withstand without
applied normal pressure, analogous to cohesion in geomaterials. Greater normal pressure
yields higher shear strength. When the tangential force exceeds the maximum shear
strength, the tangential bond fails, leaving only sliding friction between particles — i, Fy,.

MatDEM software employs a linear elastic contact model by default and utilizes global
damping to dissipate energy. From a fundamental perspective, the deformation of discrete
element piles under loading in MatDEM can be modeled as damped harmonic oscillation
of a spring-mass system, governed by the Formula (7).

mx’ + 17x/ +kx =0, (7)

In the formula, m represents the unit mass; x” denotes the unit acceleration; x” signifies
the unit velocity; and k is the spring stiffness coefficient. That is, the product of the unit mass
and acceleration, plus the damping force and spring force, equals zero. This constitutes the
equilibrium equation for damped harmonic oscillation.

Currently, the Discrete Element Method (DEM) is primarily used in academic research,
with relatively limited practical applications in geotechnical engineering. To apply it to
real-world projects, three major challenges must first be addressed: (1) Massive computa-
tional demands restrict modeling scale and scope. DEM spatially decomposes soil and rock
into discrete particles and performs iterative time-step calculations, resulting in enormous
computational requirements. The number of computational cells in three-dimensional nu-
merical simulations is typically limited to tens of thousands, resulting in excessively small
sample scales that fail to meet practical engineering requirements. 2) Unclear macro—-micro
mechanical properties complicate modeling. In the DME, geological models are constructed
from aggregates of numerous discrete particles. Traditional modeling requires iterative ad-
justments and testing to determine appropriate inter-particle micro-mechanical parameters,
thereby achieving numerical models with specific mechanical properties. The complex-
ity of quantitative modeling significantly hinders practical application. 3) Incomplete
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multi-physics and fluid—solid coupling theories, coupled with a lack of simulation soft-
ware. Modern large-scale engineering projects frequently involve complex multi-physics
coupling (hydrothermal) and fluid-solid coupling (solid-liquid—gas), such as hydraulic
fracturing and tunnel excavation. The Discrete Element Method remains less mature than
methods like the Finite Element Method for addressing these issues and lacks relevant
numerical software.

2.2.2. Simulation Test Plan

e  Material Training

MatDEM discrete elements can calculate five inter-particle mechanical parameters—normal
stiffness (Kj), tangential stiffness (K;), fracture displacement (X}), initial shear force (Fsg),
and friction coefficient (yy)—through conversion formulas based on five macroscopic
mechanical properties of the material: Young’s modulus (E), Poisson’s ratio (v), compressive
strength (C,), tensile strength (T},), and internal friction angle (y;). MatDEM trains the
discrete element model using Formula (8) through (12).

V2Ed

Ky = i(1-20) 8)

K= 4zlﬁ+(1u)_(£15v)b;i)’ ©)

b 6\/5315;(;115 Ks) Tud’, (10)

0 = l_gﬁy”cudz, (11)

1y = —2\2@;;1\@,1 - {(1 + y%)l/z + yl} ’ (12)

Macroscopic physical and mechanical properties of loose soil mixed with curing
agents were successfully determined through triaxial compression tests conducted on
nine specimens each for two curing agent dosages (10% and 25%), with each specimen
tested under different confining pressure conditions. Detailed results are presented
in Table 3.

Table 3. Macro-physical and mechanical properties of loose soil with the addition of the curing agent.

Material Name

10% Curing Agent

Content Soil

25% Curing Agent

Content Soil
Steel wheel

Young’s Poisson’s Ratio Internal Friction Compressive Tensile Strength
Modulus (MPa) Coefficient Strength (MPa) (MPa)
1.65 0.418 0.364 — —
1.94 0.357 0.625 — —
2 x 105 0.25 0.12 500 400

e Boundary Conditions and Load Application

(1) 3D Simulation: Since the mass of the roller is primarily concentrated at the com-
paction steel wheel, this paper simplifies the roller to a steel wheel with the same mass as a
2.5-ton roller. The soil specimen dimensions correspond to those used in indoor compaction
tests: 3 m in length, 1.4 m in width, with soil particle radii of 0.02 m. Simulated experiments
were conducted at heights of 0.1 m and 0.3 m. During simulation, after assigning material
properties to the soil and applying gravitational deposition, the steel wheel uniformly
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compacts the soil at a speed of 0.3 m/s in a back-and-forth motion. After each simulated
pass, the Z-coordinate of the center point for the surface particle cells is extracted using
MatDEM'’s built-in commands, and its average value is calculated. This average value, plus
the particle cell radius, represents the post-compaction surface elevation of the soil. Since
the overall rolling test duration is controlled within 30 min, changes in soil moisture content
are disregarded in the simulation. Consequently, the post-rolling compaction degree can be
derived using Formula (13).

m « L (13)

D, =
O s+ 0.01w)og pax

In the formula, Do represents the compaction degree of the soil after compaction,
m represents the mass of the soil body, S represents the base area of the soil model, w
represents the moisture content of the soil body, and & represents the height of the soil body
after compaction.

The specific model is illustrated in Figure 2.

X [m] 28 3

(b)

Figure 2. Three-dimensional model: (a) 30 cm soil sample loosely laid; (b) 10 cm soil sample
loosely laid.

(2) 2D Simulation: The material properties in the 2D simulation are identical to those
in the 3D simulation, with only the widths of the soil body and steel wheel reduced. It
is important to note that if the soil body is fully defined as a 2D plane, the simulated soil
particles will be difficult to compact due to restricted degrees of freedom, failing to reflect
the patterns observed in rolling tests. Therefore, in this 2D simulation, the soil body width
is set to 0.2 m to approximate a 2D state. All other test conditions remain consistent with
the 3D simulation. Specific models are illustrated in Figure 3.

06
T 04
N 0.2

2
X [m] 3

2.5

(@) (b)

Figure 3. Two-dimensional model: (a) 30 cm soil sample loosely laid; (b) 10 cm soil sample
loosely laid.
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3. Results
3.1. Indoor Crushing Test Compaction Results

The results of the compaction tests on the 10 cm loose layer are presented in Table 4,
Figures 4 and 5.

Table 4. Compaction test results for 10 cm loosely placed soil samples.

10% Curing Agent Content Soil 25% Curing Agent Content Soil
Compaction Settlement Dry Density ~ Compaction Settlement Dry Density Compaction
Passes Height (cm) (g/cm3) Degree (%) Height (cm) (g/cm3) Degree (%)
1 2.40 1.620 85.4 1.95 1.664 89.8
2 2.85 1.692 89.2 2.36 1.705 92.0
3 2.87 1.693 89.2 2.37 1.703 91.9
4 2.87 1.693 89.2 2.40 1.701 91.8
5 2.88 1.695 89.3 2.40 1.705 92.0
6 2.88 1.693 89.3 2.40 1.707 92.1
7 2.88 1.693 89.3 2.40 1.707 92.1
8 2.88 1.695 89.4 2.40 1.709 922
3.0
2.8 1
5
£2.6
= 2.4
E
oz —=— 10%
—e— 25%
2.0+
o 1 2z 3 4 5 & T 8 9

Number of crushes

Figure 4. Relationship between number of compaction passes and settlement height for 10 cm loosely
placed soil sample.

0. 92

=}

.91

o

90

e

89 -

e

88

Compaction degree

0. 86 -

0. 85 T T T T T T T 1
0 1 2 3 4 5 6 7 8

Number of crushes

Figure 5. Relationship between number of compaction passes and compaction degree for 10 cm
loosely placed soil sample.
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The results of the compaction test for the 30 cm loose layer are presented in Table 5,
Figures 6 and 7.

Table 5. Compaction test results for 30 cm loosely placed soil samples.

10% Curing Agent Content Soil 25% Curing Agent Content Soil
Compaction Settlement Dry Density =~ Compaction Settlement Dry Density Compaction
Passes Height (cm) (g/cm3) Degree (%) Height (cm) (g/cm3) Degree (%)
1 5.00 1.479 78.0 2.60 1.582 85.4
2 5.27 1.500 79.1 2.80 1.612 87.0
3 5.50 1.557 82.1 3.10 1.663 89.8
4 5.70 1.581 83.3 3.30 1.687 91.1
5 5.80 1.586 83.6 3.30 1.695 91.4
6 5.80 1.587 83.7 3.30 1.690 91.2
7 5.90 1.584 83.5 3.30 1.689 91.1
8 5.90 1.586 83.6 3.30 1.689 91.2
6.0
5.5

<yl
Il

P
]

w
3]
1

Descend in height (cm)
W~
1
!
Z2

0 1 2 3 4 5 6 7 8 9
Number of crushes

Figure 6. Relationship between number of compaction passes and settlement height for 30 cm loosely
placed soil sample.

0.92 9

0.90

0.88 —=— 10%
—e— 25%

Compaction degree

0 1 2 3 4 5 6 7 8 9
Number of crushes

Figure 7. Relationship between number of compaction passes and compaction degree for 30 cm
loosely placed soil sample.

Based on the results of the compaction tests, the following key conclusions were drawn:
(1) The effect of compaction passes on compaction efficiency exhibits distinct phased
characteristics: For all test groups, the compaction degree follows a pattern of “rapid
increase — gradual growth — stabilization” as the number of passes increases. The
primary increase in compaction degree occurs during the first four passes, with gains
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exceeding 5.2%. Beyond 4 to 6 passes, compaction gains become extremely limited, even
showing slight fluctuations. This indicates that the optimal economic number of passes is 4
to 6. Continued compaction constitutes ineffective work and may lead to overcompaction,
causing micro-damage to the structure.

(2) Curing agent dosage is a key factor in enhancing the compaction performance
and mechanical stiffness: Comparing test groups with an identical loosely laid sample
thickness revealed that increasing the curing agent dosage significantly improved the final
compaction degree and initial structural stiffness of the stabilized soil. Soil samples with
25% admixture consistently achieved superior final compaction compared to those with
10% admixture. Additionally, high-admixture specimens exhibited significantly lower
settlement during compaction, indicating that high-admixture stabilized soil achieves a
higher density with minimal deformation, effectively enhancing the soil’s bearing capacity.

(3) Loosely laid sample thickness significantly affects the compaction uniformity and
ultimate compaction limit: At the same solidifying agent dosage, reducing the loosely
laid sample thickness facilitates higher ultimate compaction (e.g., at 25% dosage, 10 cm
thickness yields 0.922 compaction > 30 cm thickness at 0.914). This confirms that thin-layer
compaction facilitates more uniform energy transfer, avoiding energy attenuation in thicker
layers and ensuring consistent compaction quality and upper limits.

3.2. Simulation Results

Based on the established 2D and 3D discrete element models, numerical simulations
were conducted for the compaction process under four conditions: curing agent contents
of 10% and 25%, and loosely laid sample thicknesses of 10 cm and 30 cm. After each
compaction pass, the settlement, average dry density, and compaction degree at the soil
surface were extracted and compared with laboratory test results.

e 3D Simulation Results

The 3D model effectively reproduced the three-dimensional response of the soil during
actual compaction. Figures 8 and 9 show the changes in thickness after the eighth pass
of compaction for soils with a 10% and 25% curing agent content at loosely laid sample
thicknesses of 10 cm and 30 cm, respectively. The random sampling of soil samples after
each compaction pass yielded the 3D simulated compaction indices for 10 cm and 30 cm
loosely laid sample thicknesses, as presented in Tables 6 and 7.
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Figure 8. The 10% cement-stabilized soil after eight passes of 3D compaction: (a) 10 cm soil sample
loosely laid (model excerpt); (b) 30 cm soil sample loosely laid (model excerpt).
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Figure 9. The 25% cement-stabilized soil after eight passes of 3D compaction: (a) 10 cm soil sample

loosely laid (model excerpt); (b) 30 cm soil sample loosely laid (model excerpt).
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Table 6. Three-dimensional simulation results for compaction of 10 cm soil sample on gravel bed.

10% Curing Agent Content Soil

25% Curing Agent Content Soil

Compaction Settlement Dry Density =~ Compaction Settlement Dry Density =~ Compaction
Passes Height (cm) (g/cm3) Degree (%) Height (cm) (g/cm3) Degree (%)

1 21 1.56 82 1.75 1.62 88

2 2.55 1.62 86 212 1.65 89

3 2.6 1.63 86 217 1.66 90

4 2.64 1.64 86 2.28 1.67 90

5 2.64 1.64 86 2.30 1.68 91

6 2.65 1.64 86 2.31 1.69 91

7 2.68 1.65 87 2.32 1.69 91

8 2.67 1.65 87 2.32 1.69 91

Table 7. Three-dimensional simulation results for compaction of 30 cm soil sample on gravel bed.

10% Curing Agent Content Soil

25% Curing Agent Content Soil

Compaction Settlement Dry Density =~ Compaction Settlement Dry Density Compaction
Passes Height (cm) (g/cm3) Degree (%) Height (cm) (g/cm3) Degree (%)

1 4.33 1.44 76 2.04 1.55 84

2 492 1.48 78 2.32 1.58 85

3 511 1.53 81 2.71 1.64 88

4 529 1.55 82 3.00 1.67 90

5 5.30 1.55 82 3.02 1.68 91

6 5.30 1.55 82 3.02 1.67 90

7 5.30 1.55 81 3.02 1.67 90

8 5.30 1.55 82 3.02 1.67 90

e 2D Simulation Results

The 2D model demonstrates significantly higher computational efficiency than the 3D

model. Figures 10 and 11 show the changes in thickness after the eighth pass of compaction

for soils with curing agent contents of 10% and 25% under loosely laid sample thicknesses of

10 cm and 30 cm, respectively. Tables 8 and 9 present the compaction index results obtained

from 2D simulations for loose layers with thicknesses of 10 cm and 30 cm, respectively.
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Figure 10. The 10% cement-stabilized soil after eight passes of 2D compaction: (a) 10 cm soil sample
loosely laid (model excerpt); (b) 30 cm soil sample loosely laid (model excerpt).
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Figure 11. The 25% cement-stabilized soil after eight passes of 2D compaction: (a) 10 cm soil sample
loosely laid (model excerpt); (b) 30 cm soil sample loosely laid (model excerpt).

Table 8. Two-dimensional simulation results for compaction of 10 cm soil sample on gravel bed.

10% Curing Agent Content Soil 25% Curing Agent Content Soil

Compaction Settlement Dry Density =~ Compaction Settlement Dry Density =~ Compaction
Passes Height (cm) (g/cmd) Degree (%) Height (cm) (g/cm3) Degree (%)

1 1.57 1.46 77 1.44 1.56 84

2 2.22 1.54 81 1.9 1.61 87

3 2.15 1.52 80 1.92 1.61 87

4 2.15 1.52 80 1.94 1.60 87

5 2.17 1.53 80 1.94 1.61 87

6 217 1.52 80 1.94 1.61 87

7 2.17 1.52 80 1.94 1.61 87

8 217 1.53 80 1.94 1.61 87

Table 9. Two-dimensional simulation results for compaction of 30 cm soil sample on gravel bed.

10% Curing Agent Content Soil 25% Curing Agent Content Soil

Compaction Settlement Dry Density ~ Compaction Settlement Dry Density Compaction
Passes Height (cm) (g/cm3) Degree (%) Height (cm) (g/cm3) Degree (%)

1 1.68 1.31 69 0.77 1.48 80

2 2.17 1.33 70 0.88 1.51 81

3 242 1.38 73 0.87 1.54 83

4 2.53 1.42 75 1.01 1.55 84

5 2.60 1.42 75 1.08 1.56 84

6 2.66 1.40 74 1.08 1.56 84

7 2.66 1.40 74 1.08 1.56 84

8 2.66 1.40 74 1.08 1.56 84

4. Discussion

e  Comparison of test results

The results comparing the laboratory compaction tests are presented in Figures 12-15.
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Figure 13. Comparison of loose layer compaction settlement for 30 cm soil samples: (a) 10% curing

agent dosage; (b) 25% curing agent content.
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Figure 15. Comparison of changes in compaction degree in 30 cm soil samples during loose layer
compaction: (a) 10% curing agent content; (b) 25% curing agent content.

The 3D simulation results showed good agreement with the laboratory test data,
particularly during the mid-to-late compaction stages (after the 4th pass). Errors in the
compaction degree were generally controlled within 5%, validating the reliability of the 3D
model in simulating the three-dimensional compaction process.

The 2D simulation demonstrated better computational efficiency but exhibited inher-
ent limitations in its quantitative accuracy. Its predicted settlement values were generally
underestimated, and the compaction gain trend deviated from the experimental data, with
an average error of approximately 10%. Nevertheless, the 2D model effectively captures the
overall trend in compaction with rolling passes and identifies the economically viable pass
range. It retains value as an engineering reference for scenarios emphasizing qualitative
analysis, trend assessment, or constrained computational resources.

e  Error Analysis

The 2D model confines the simulation domain to a narrow space, limiting particle defor-
mation in the third dimension. Specific manifestations are illustrated in Figures 16 and 17.

Z(m)

=

s 02 0 03 oif
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Figure 16. Two-dimensional displacement vector diagram of loosely laid 20 cm soil sample
during compaction.

Displacement

¥ m)

Figure 17. Three-dimensional displacement vector diagram of loosely laid 30 cm soil sample
during compaction.
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(1) The displacement vector diagrams reveal that during actual compaction, soil
undergoes significant lateral displacement and extrusion alongside vertical compression.
The 2D model constrains this lateral deformation, preventing soil from “escaping” laterally
under load, as it does in reality. Consequently, the soil is forced to bear higher vertical
compressive stress, resulting in simulated settlement values that are generally lower than
the experimental values.

(2) This study simplifies real-world irregular, angular soil particles into perfect spher-
ical particles. While this simplification greatly enhances the computational efficiency, it
inevitably introduces deviations in mechanical behavior. The angularity and non-spherical
nature of real soil particles significantly enhance inter-particle mechanical interlocking,
providing greater shear resistance and deformation resistance [26]. The spherical particle
model fails to simulate this effect, leading to a systematic underestimation of the compacted
soil strength.

(3) During actual compaction, applied loads drive water migration and redistribution
within the soil, causing localized changes in moisture content. This significantly affects the
inter-particle lubrication, effective stress, and shear strength [27,28]. The model assumes a
uniform and constant moisture content, failing to simulate the softening behavior induced
by water movement. Additionally, the hydration reaction of binders is a time-dependent
process, with the bond strength continuously increasing over time. The model in this
study uses macroscopic parameters to calibrate mechanical properties at a specific moment,
but it cannot simulate the time-dependent characteristic of real-time bonding strength
enhancement during compaction. This leads to the model underestimating the failure
strength of newly formed bonding bonds in the early compaction stage and overestimating
the compressibility within the existing bonding framework in the middle and late stages.
Consequently, it introduces time-dependent deviations when simulating the effects of
compaction for different numbers of passes.

5. Conclusions

(1) Indoor compaction test results indicate that the effectiveness of compaction in
solidified saline—alkali soil is jointly determined by the number of compaction passes, the
curing agent dosage, and the loose layer thickness. As the number of compaction passes
increases, the degree of soil compaction exhibits a typical three-stage variation pattern:
rapid rise, gradual increase, and eventual stabilization. The first four passes yield the
most significant improvement in compaction degree, exceeding 5.2%, indicating rapid
rearrangement of the soil particles and pore compression during the initial compaction
phase. After passes 4 to 6, the increase in the degree of compaction slows markedly. Further
increases in the pass count offer limited compaction benefits and may even cause particle
breakage or structural disturbance due to overcompaction, leading to fluctuations in the
degree of compaction. This phenomenon aligns with the variation patterns of compaction
curves in classical soil mechanics, indicating an economically optimal range of compaction
passes (4-6 passes).

Increasing the solidifying agent dosage significantly improves the soil compaction
performance and mechanical response. At all compaction passes, the 25% dosage soil
exhibited higher compaction and lower settlement (reduction height), indicating that the
solidifying agent not only fills voids but also enhances inter-particle bonding through
cementation, thereby increasing the stiffness and deformation resistance of the soil. Addi-
tionally, thin-layer placement achieves higher and more uniform compaction than thick
layers, attributed to the efficiency of compaction energy transfer: thin soil layers are more
readily fully compacted with minimal energy loss, enabling the effective compaction of
underlying soil.
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(2) Using MatDEM, 2D and 3D discrete element models were successfully established
to simulate compaction processes under various conditions. Comparisons with labora-
tory test data on settlement height and compaction degree revealed excellent agreement
between the 3D model simulations and experimental results (error < 5%). The 3D model
demonstrated particular advantages in simulating the effects of lateral extrusion and spatial
stress distribution. It more accurately reflects the three-dimensional stress state and particle
motion behavior during wheel-soil interaction, making it suitable for the micromechanical
interpretation of compaction mechanisms.

Although the 2D model offers significant advantages in terms of its computational
efficiency, it exhibits notable deficiencies in quantitative accuracy (with errors around
10%). Due to its inability to reflect the soil’s true three-dimensional constraints and lateral
deformation, the 2D model generally underestimates settlement values, and its compaction
degree also deviates from the experimental results. However, the 2D model still holds some
reference value for qualitative trend analysis.

(3) This study employed a “trial-simulation” approach to confirm the effectiveness and
applicability of MatDEM in simulating the compaction process of solidified saline-alkali
soils, particularly highlighting the advantages of 3D models in explaining micromechanical
mechanisms. Nevertheless, this study has certain limitations: First, the numerical model
still simplifies complex behaviors such as particle shape and cementation failure. Second,
the current model does not fully account for the coupled effects of moisture migration
and solidification reaction processes on the compaction process. Future studies could
further incorporate multi-field coupling models and extend this research to more complex
engineering scenarios such as dynamic compaction and non-uniform soils.
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