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Rapid growth of projects on high-fill sites under red clay and deep soft clayey 
foundations in Southwest China has exposed the limitations of conventional 
dynamic compaction in effective improvement depth and energy utilization. 
Punching and Squeezing Dynamic Compaction (PSDC) forms red clay–gravel 
composite piers through successive punching, backfilling and squeezing, offering 
potential advantages in deep densification; However, the mechanism of energy 
transmission and structural evolution remain unclear, constraining optimization 
of construction parameters and design. To address this gap, an integrated 
“Discrete element simulation–laboratory model testing–μCT  3D 
reconstruction” framework is established. Based on PFC3D with a Hertz 
contact model, impact-induced dynamic response and energy distribution 
were elucidated, and macro–meso consistency was verified against model 
tests and μCT-3D  reconstructed piers, enabling systematic analysis of energy 
transfer, dissipation and skeleton reorganization under PSDC. Results show 
pronounced three-dimensional directional attenuation of impact energy: 
vertical transmission is the most efficient, the 45° oblique direction exhibits 
intermediate decay, and the horizontal direction attenuates rapidly with 
distance. Gravel content decisively governs energy pathways and skeletal 
architecture: a 60% gravel content produces continuous force chains, 
increases wave impedance, and concentrates energy at depth, promoting 
more effective compressive deformation and deep densification; in contrast, 
50% gravel yields a more discrete skeleton, enhancing shallow random sliding, 
increasing sliding work, and promoting near-field dissipation. A directional 
attenuation model derived from a three-dimensional wavefront effectively fits 
the exponential decay of peak particle velocity with distance in the three 
directions and, for two representative gravel contents (50% and 60%), 
indicates a consistent chain linking gravel-skeleton connectivity, energy 
partitioning, and densification efficiency. These insights, obtained for 50%– 
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60% gravel contents in high-fill red clay, illustrate how skeleton continuity regulates 
directional attenuation and densification, and they provide a basis for further 
extensions to broader mixture ratios and field scales.

KEYWORDS

clay–gravel mixture, directional vibration attenuation, discrete element method, gravel 
skeleton structure, punching and squeezing dynamic compaction

1 Introduction

The rapid expansion of transportation, airport, and water 
resources infrastructure in Southwest China has increased the 
demand for improving high-fill foundations formed by red clay 
and deep soft cohesive strata (Liu et al., 2023; Xu et al., 2024; Jifang 
et al., 2025; Han et al., 2025). Red clay typically features high water 
content, a large void ratio, and low permeability, and it is prone to 
degradation under repeated moisture variation, which poses 
challenges for long-term performance (Sun et al., 2024; Zhu K. 
et al., 2025). Conventional dynamic compaction is widely used, yet 
its effectiveness is often constrained in thick cohesive deposits by 
limited improvement depth and inefficient downward energy 
transmission, leading to a strong reliance on empirical design 
(Shen et al., 2018; Zhang et al., 2023; Zhang et al., 2024; Fu 
et al., 2025). Against this background, Punching and Squeezing 
Dynamic Compaction (PSDC) forms clay–gravel piers through 
successive punching, backfilling, and squeezing, thereby 
developing a composite ground that improves load transfer and 
deformation control (Wei et al., 2023; Wei et al., 2025). However, 
systematic and quantitative understanding remains limited 
regarding three-dimensional energy transmission and dissipation 
during PSDC, the directional attenuation of stress waves, and the 
evolution of gravel skeleton structure, which hinders parameter 
optimization and refined design.

Advances in computational technologies have substantially 
enriched modeling strategies for dynamic compaction. 
Numerical studies have progressed from qualitative stress- 
response analyses to multiscale simulations that capture 
coupled processes such as stress-wave propagation, particle 
rearrangement, pore-pressure evolution, and energy 
dissipation (Ghassemi et al., 2010; Wang et al., 2017). For 
saturated soils, Navas et al. (2016) developed a multiphase 
formulation and showed that the Biot macroscopic theory 
using the full u–w form improves robustness under high- 
frequency loading and impermeable boundaries. They also 
introduced dimensionless parameters to delineate coupling 
regimes between loading frequency and medium properties. 
Building on a u–U–p three-field coupling and a cap model, 
Zhou et al. (2020) systematically demonstrated that a high 
groundwater table markedly amplifies excess pore pressure 
and suppresses effective stress development, and that 
improvement in fine-grained soils is primarily governed by 
the rate of pore-pressure dissipation. Considering 
constructability, economy, and environmental performance in 
PSDC, backfill is typically prepared by blending limestone gravel 
with red clay at prescribed mass ratios; consequently, interfacial 
behavior and mechanical responses of soil–gravel mixtures 
under high-energy impact, as well as appropriate investigative 
methods, are of particular importance (Sun et al., 2023; Wu et al., 

2025). In this context, Zhang et al. (2025) preserved rock-block 
content and gradation, employed CDEM-based vibratory 
rearrangement to realize random spatial distributions of 
blocks, and subsequently used 3D NMM to evaluate 
permeability, enabling a systematic comparison of the effects 
of rock content, particle size, and particle shape on equivalent 
permeability. Su et al. (2026) developed an SPH–DEM 
multiphase framework that revealed pronounced differences 
in pore-pressure accumulation, shear-band coalescence, and 
failure dynamics. At the level of coupled modeling paradigms, 
prior studies have further extended to SPH–FEM (Wang et al., 
2021), DEM–CFD (Duan et al., 2023), NCDDAM (Song et al., 
2025) and 3D-DEM (He et al., 2025) highlighting the 
complementarity of multi-source methods. Recent 
investigations into stress-wave propagation and attenuation in 
complex soil–rock media exhibit concurrent advances in theory, 
numerics, experimentation, and data-driven approaches. Zhao 
(2014) explicitly incorporated relative motion between the solid 
skeleton and pore fluid into the governing equations, 
establishing regime maps for wave velocity and attenuation as 
functions of permeability, porosity, and loading frequency. 
Using a dimensionless scaled distance Z, Nejad et al. (2017)
identified a power-law decay of peak stress with distance and 
documented directional differences between normal and 
tangential components arising from interface reflection and 
mode conversion. Meng et al. (2025) discretized the 
continuum into spring–node or particle–contact networks to 
construct microscopic channels for wave transmission, 
reflection and mode conversion, illustrating how fractures, 
voids, and contact nonlinearity introduce dispersion and 
additional dissipation during propagation. Moreover, the 
particle size and gradation of the coarse skeleton alter contact 
stiffness and damping phase, producing a phase lag between 
peak normal and peak shear stresses under normal pulsation, 
expressed as direction-dependent energy coupling and 
attenuation differences (Sheng et al., 2025).

Computed tomography (CT) has become a pivotal tool for 
elucidating the internal structural evolution of geomaterials, 
providing an unprecedented microscale–mesoscale perspective for 
deciphering soil modification mechanisms (Sugimoto et al., 2023; 
Zhao et al., 2025). In recent years, CT has been widely employed to 
investigate the evolution of internal structure in soils and 
soil–composite systems under external loading and 
environmental actions (Hamamoto et al., 2016; Luo et al., 2024). 
By combining CT imaging with digital image processing, Yu et al. 
(2025) identified density anisotropy of natural aggregates in asphalt 
mixtures and established a heterogeneous finite element model 
based on grayscale distributions and fractal dimensions, clarifying 
the influence of aggregate density non-uniformity on 
micromechanical behavior. Using CT, Du et al. (2026) conducted 
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three-dimensional scanning of dispersive soils subjected to 
wetting–drying and freeze–thaw cycles, quantitatively 
characterized crack spatial distribution and connectivity, and, 
together with temperature–humidity monitoring, revealed the 
intrinsic linkage between crack evolution and changes in soil 
physical properties. Leveraging CT images (Dong et al., 2023), 
resolved macropore architecture and particle-skeleton 
morphology in cement–gravel–treated granite residual soils, 
proposed a grayscale-intensity–based criterion for macroporosity, 
and identified the critical stone content required for forming an 
integral gravel skeleton. Further integrating in situ CT with PFC3D 
discrete element simulations, Zhu Y. et al. (2025) reconstructed the 
three-dimensional damage-evolution pathway of cemented, crushed 
coal under compression, enabling full-process visualization and 
mechanistic interpretation from microcrack propagation to 
macroscopic failure. Despite substantial advances in dynamic 
consolidation theory, multiphysics and multiscale simulation, and 
CT-based microstructural characterization, most existing studies 
focus on conventional dynamic compaction or generic soil–rock 
mixtures rather than PSDC in high-fill red clay with clay–gravel 
composite piers. For PSDC, the spatiotemporal chain of energy 
input–propagation–dissipation has been examined only partially, 
often either from the macroscopic vibration/settlement side or from 
microstructural observations alone. Direct, particle-scale evidence 
for force-chain reconfiguration and gravel-skeleton evolution under 
PSDC remains scarce, and the links between three-dimensional 
directional attenuation of stress waves and gravel- 
content–induced skeletal heterogeneity have not yet been 
quantified within a single, cross-validated framework that 
combines DEM, laboratory model testing, and μCT. This limits 
the predictive use of PSDC design parameters and constrains 
method optimization for high-fill red clay foundations. These 
gaps constrain the predictability of PSDC design parameters and 
hinder method optimization.

It should be noted that the target application sites of PSDC in 
high-fill red clay and deep soft clay foundations may involve varying 
degrees of saturation, where excess pore-pressure generation and 
dissipation can influence the effective-stress path and dynamic 
response under impact loading. In the present study, the DEM 
component idealizes the soil as a dry granular medium and does not 
explicitly model pore-fluid pressure. This modeling choice is 
adopted to isolate and quantify solid-phase 
mechanisms—particularly gravel-skeleton continuity and force- 
chain reconfiguration—that govern energy transmission, 
partitioning, and directional attenuation within the integrated 
DEM–model test–μCT evidence chain.

On this basis, an integrated triad is established that combines 
PFC3D simulations, scaled PSDC model tests, and μCT-based 3D 
reconstruction specifically for clay–gravel composite piers in 
high-fill red clay. This framework (i) quantifies energy input, 
partitioning, and multipath dissipation for different gravel 
contents; (ii) elucidates directional attenuation mechanisms of 
stress waves in the horizontal, vertical, and oblique directions; and 
(iii) links these directional attenuation patterns to μCT-resolved 
gravel-skeleton continuity, thereby yielding a three-dimensional 
wavefront-based attenuation model that explicitly accounts for 
skeletal heterogeneity.

2 Methodology

2.1 Discrete-element numerical model and 
monitoring layout

To investigate the patterns of energy input, transmission, and 
attenuation during PSDC, a three-dimensional particle-flow model 
was constructed in PFC3D. According to classical understanding of 
stress-wave propagation and energy dissipation, vibration energy in 
geomaterials is mainly dissipated through particle vibration, pore- 
pressure response, and particle migration (Ekanayake et al., 2014; 
Xin et al., 2024; Shu et al., 2025; Hu et al., 2026). As the numerical 
model in this section idealizes a dry granular medium, the energy 
evolution is represented primarily by the conversion and dissipation 
between particle kinetic energy and contact work. Three monitoring 
lines—horizontal, vertical, and 45° oblique—were arranged within 
the model, with three monitoring points on each line to record 
velocity time histories. After tamping, sampling results at 
corresponding locations from the laboratory model tests were 
used to enable numerical–experimental comparison and 
validation. The raw PFC3D outputs are indexed by the 
timestep. For clearer visualization of impact-induced jumps, the 
plotted abscissa is displayed using the blow number instead of the 
step index; the DEM solver itself uses a fixed timestep Δt that is kept 
identical across all scenarios.

1. Geometry and discretization: The numerical domain matches 
the laboratory steel box geometry, forming a rectangular prism 
of 1.20 m × 1.00 m × 1.00 m, as illustrated in Figure 1. The soil 
is generated with approximately 5.0× 104 spherical particles to 
represent the bulk response of the red clay–gravel mixture. The 
hammer is modeled as a clump, bonded from about 1.05× 103

spherical particles, to preserve the actual hammer geometry 
and preclude numerical interpenetration.

2. Material parameters and symbol definitions: Key input 
parameters are summarized in Table 1 and reported in SI 
units. For clarity, the soil-phase parameters include ρs as the 
soil particle density, e0 as the initial void ratio, μ as Poisson’s 
ratio, G as the shear modulus, and E as the elastic modulus. The 
hammer-phase parameter is ρh, which denotes the hammer 
density. Damping coefficient denotes the viscous damping 
parameters adopted in the Hertz hysteretic–viscous contact 
model, where βn = 0.7 and βs = 0.7. A single, unified contact- 
parameter set is applied to both mixture ratios, including the 
50% and 60% clay–gravel cases, to maintain consistent cross- 
condition comparability.

3. Loading and response outputs: Impact loading was applied 
under conditions consistent with the laboratory tests. Velocity 
time histories at each monitoring point were extracted as 
dynamic-response indicators. Upon completion of tamping, 
porosity was computed along the monitoring lines to quantify 
local densification and its spatial heterogeneity.

The DEM model employed herein does not include an explicit 
pore-fluid phase; therefore, pore-water pressure generation, 
seepage-induced damping, and consolidation/drainage processes 
are not simulated. The computed energy terms consequently 
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represent solid-phase contributions associated with particle 
contacts, rearrangement, and skeleton reconfiguration.

2.2 Parameter calibration and validation

To reproduce the macroscopic settlement response under PSDC 
impacts, key contact parameters were calibrated. Considering the 
Hertz contact formulation adopted in PFC3D and the mechanical 
characteristics of the model materials, the calibrated parameters 
include the inter-particle friction coefficient, Poisson’s ratio, and 
shear modulus. Their initial values were determined from basic 
mechanical tests of the laboratory materials and constrained within 
physically reasonable bounds. The settlement after each blow was 
adopted as the sole calibration target because it directly reflects 
densification performance. Calibration was performed through 
iterative parameter updating and was considered converged when 
the settlement percentage error fell below 10%. The calibration 
quality is quantified in Section 3.1 using the maximum 
percentage error of the settlement curves, and the maximum 
value reported in Table 4 is 6.83%.

When calibration relies on a single macroscopic metric, the 
identified parameter set may not be unique. To reduce this risk, the 
admissible parameter ranges were constrained by material 
characterization, and one unified parameter set was applied 
consistently across all cases. Porosity evolution and PPV were 
used as independent validation indicators to check the physical 
plausibility of the densification process and the dynamic response. 
The calibrated parameters were then used in all subsequent 
simulations, where contact interactions follow the nonlinear 
Hertz law and energy terms are computed according to the 
energy decomposition described in Section 2.3.

2.3 Hertz contact mode

2.3.1 Contact force decomposition
To investigate the nonlinearity and energy-dissipation 

characteristics of particle contacts under impact, the numerical 
scheme employs nonlinear Hertz contact springs in both the 
normal and tangential branches, each arranged in parallel with a 
viscous dashpot, while tangential slip is governed by Coulomb 
friction (M’boungui et al., 2014; Horabik et al., 2017; Wu et al., 
2023; Rozbroj et al., 2025). Tensile forces and contact moments are 
neglected; contacts carry compression only and do not impede relative 
rotation, consistent with the contact-kinematics schematic in Figure 2. 
The contact force is composed of a nonlinear elastic component and a 
viscous damping component, as defined in Equations 1-3, denoted as: 

Fc � F
h + Fd,Mc � 0 (1)

Fh � Fhnn + F
h
s t (2)

Fd � —βnvnn—βsvst (3)

Where Fh denotes the Hertz elastic component and Fd the viscous 
component; n and t are the unit vectors in the normal and tangential 
directions, respectively (Fang et al., 2025; Shi et al., 2024). vn and vs are 
the relative normal and tangential velocities at the contact point, and βn
and βs are the normal and tangential damping coefficients. The normal 
branch is tensionless: Fhn ≥ 0, otherwise, the contact fails. The tangential 
branch follows the Coulomb criterion: | Fhs | ≤ μFhn

When the limit is reached, sliding occurs and the tangential 
displacement increment is decomposed as given in Equation 4: 

Δδs � Δδes + Δδμ
s (4)

where Δδes is the elastic part and Δδμ
s is the sliding part.

FIGURE 1 
Numerical model test box and measurement point positions. (a) Model case in PFC3D (b) Front view (c) Side view.

TABLE 1 Key parameters in numerical simulation.

Number of soil particles ρs (kg/m3) e0 µ G (Pa) E (Pa) ρh (kg/m3) Damping coefficient

49,800 2,600 0.38 0.3 9.6× 104 2.5 × 107 7,800 0.7
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2.3.2 Energy decomposition
At the contact scale, energy is partitioned into elastic strain 

energy Ek , sliding dissipation work Eμ, and viscous damping 
dissipation work Eβ (Mindlin and Deresiewicz, 1953; Cundall, 1988).

Elastic strain energy Ek means energy stored in the nonlinear 
springs,is calculated by Equation 5: 

Ek �
αh

αh + 1
Fhn( 􏼁

2

kn
+

1
2

Fhs( 􏼁
2

ks
􏼠 􏼡 (5)

where αh is a restitution-related coefficient ensuring near-constant 
restitution at low impact velocities (Hunt and Crossley, 1975). Kn

and ks denote the initial normal and tangential stiffnesses, which 
depend on the current normal and tangential force states; Fhn and Fhs
are the Hertz normal and tangential forces, respectively.

Sliding dissipation work Eμ was dissipated by tangential slip is 
computed by Equation 6: 

Eμ �
1
2

Fhs􏼐 􏼑
o
+ Fhs􏼐 􏼑

n
􏼐 􏼑 · Δδμ

s (6)

where (Fhs )o and (Fhs )n are the tangential forces at the beginning and 
end of the time step.

Viscous damping dissipation work Eβ was dissipated by the 
dashpots is defined in Equation 7:

Eβ � F
d · δ̇Δt􏼐 􏼑 (7)

where δ̇ is the relative translational velocity defined in the contact- 
kinematics analysis, and Δt is the time-step size. The damping ratios 
were set to βn = 0.7 and βs and kept identical for all scenarios. In this 
study, Eβ is treated as an effective rate-dependent dissipation term at 
the contact scale, while it may also partly serve a numerical 
stabilization role. Accordingly, Eβ is used for energy partitioning 
and comparative trend analyses, rather than being directly 
interpreted as a transferable, material-intrinsic damping property 
without qualification.

2.4 Laboratory model test setup

To analyze energy propagation and dynamic responses during 
PSDC, the laboratory program was designed to align with the PFC3D 

configuration (Figure 3b). The physical tests were conducted in a 
rigid steel container equipped with a drop-hammer system, as shown 
in Figures 4a,b. A geometric scale of m = 0.05 was adopted 
considering the box capacity and dimensions. The impact energy 
levels reported herein (3,840, 6,400, and 8,000 kN·m) refer to the 
prototype-equivalent energy Ep. Following the Buckingham Π 
theorem under the adopted geometric scale and the same gravity 
field, loading parameters were selected to preserve the similarity of 
key dimensionless groups; the corresponding model input energy Em

is scaled from Ep within this framework. The adopted drop heights 
are summarized in Table 2 for reproducibility.

The test program included three energy levels and two 
clay–gravel mixture ratios (50% and 60% gravel by mass). The 
punching and squeezing phases were simulated, yielding six 
comparison groups in the laboratory tests (Figure 3a; Table 3).

2.5 X-ray CT scanning and 3D 
reconstruction

High resolution X-ray micro-computed tomography (μ-CT) was 
performed on pier specimens extracted from the model box after 
PSDC (Figures 4a,b). μ-CT exploits density contrasts among 
constituent phases to generate grayscale differences in 
tomographic images (An et al., 2022), thereby enabling non- 
destructive identification of the spatial distribution and contact 
relations of soil particles, gravel, and pores. The imaging system 
comprises an X-ray source, detector, rotary stage, and image- 
processing unit, delivering micrometer-scale resolution and 
outputting serial slices suitable for voxel-based reconstruction 
and quantitative analysis.

The μCT specimen was extracted from the compacted pier after 
PSDC and then trimmed into a regular geometry to ensure stable 
scanning and reliable image segmentation. The final specimen used 
for scanning was a cylindrical core with a diameter of 100 mm and a 
height of 100 mm. The specimen was taken from the central load- 
bearing zone of the pier to minimize boundary effects and to reduce 
potential disturbance introduced during extraction and trimming. 
Therefore, the μCT structural features reported herein can be 
regarded as representative of the mechanical behavior of the pier 
within its key load-bearing region.

FIGURE 2 
Grain distribution and Contact mode.
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As shown in Figure 4c, imaging was carried out using a GE 
Phoenix V |tome| xs micro-CT system, with maximum power of 
320 W, tube voltage up to 240 kV, and a maximum spatial resolution 
of 1 μm. Considering specimen size and X-ray penetration for 
clay–gravel core samples, the scan settings were: tube voltage 
160 kV, tube current 160 μA, and voxel size 56 μm. Two- 
dimensional slice sequences were acquired at an axial step of 
56 μm, providing the raw data for subsequent 3D reconstruction 
and three-phase segmentation. Three-dimensional reconstruction 
refers to digitally rebuilding cross-sectional images from measured 
X-ray attenuation and assembling them into volumetric datasets via 
dedicated algorithms and software (Liu et al., 2025).

3 Results and analysis

3.1 Settlement

Settlement is a key metric for evaluating dynamic compaction 
ground improvement, directly reflecting the degree of compression 
and densification under dynamic loading. Figure 5 compares the 
simulated and measured settlement responses over blow count for 
the three tamping energy levels, enabling a direct assessment of 
model agreement. Across all energy levels, the simulated and 
measured curves exhibit highly consistent trends: during the 
initial 1–5 blows, settlement increases rapidly with blow count, 
indicating dominant effects of particle reorganization and pore 

compression in an under-densified foundation; During blows 
6–10, the growth rate progressively declines, reflecting increased 
resistance to deformation as the foundation approaches a dense 
state. This consistency indicates that the numerical model 
(incorporating hysteretic–viscous contact) captures the dynamic 
response characteristics of PSDC with adequate fidelity.

Overall, settlement increases with blow count for all energy 
levels, but the growth rate decreases progressively. In the early stage, 
abundant interparticle voids are readily compressed, producing 
pronounced settlement increments; within the investigated 10- 
blow range, in the later stage, progressive densification leads to a 
gradual reduction in incremental settlement, reflecting increased 
resistance to deformation. Comparisons among energy levels show 
that the high-energy case (8,000 kN·m) consistently yields larger 
settlements than the medium (6,400 kN·m) and low (3,840 kN·m) 
cases, indicating stronger compression and densification with higher 
input energy. From a marginal effect perspective, however, when the 
energy level increases from 6,400 kN·m to 8,000 kN·m, the post–7th- 
blow settlement increment diminishes, implying approach toward a 
limiting densification state and a marginal decline in the effective 
utilization of additional input energy.

Table 4 summarizes the Root Mean Square Error (RMSE) and 
Percentage Error (PE) of settlement under different tamping energy 
levels: the RMSE values for 3,840 kN·m, 6,400 kN·m and 8,000 kN·m 
energy levels are 0.0051, 0.0110 and 0.0073, respectively, while the 
corresponding PE values are 6.83%, 6.10% and 4.05%. All these error 
indicators fall within the conventional reasonable range for 

FIGURE 3 
Mechanism illustration and numerical simulation of the PSDC process. (a) The process of punching and squeezing reinforcement (b) Discrete 
element simulation of the backfill squeezing stage in PFC3D.
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geotechnical engineering numerical simulations, indicating high 
simulation accuracy of the model for settlement. As settlement is 
the core engineering indicator reflecting foundation compaction 
effect, the calibration results can effectively ensure the accuracy of 
the model’s core function, providing a reliable basis for 
subsequent analyses.

3.2 Porosity

Porosity is a micromechanical core indicator of soil 
densification, and its evolution directly reflects the restructuring 

of particle fabric and pore structure induced by PSDC. This section 
analyzes, for the 6,400 and 8,000 kN·m energy levels, the porosity 
patterns after 10 punching blows and after five squeezing blows with 
50% and 60% gravel contents (Figure 6).

3.2.1 Horizontal direction
For the horizontal direction (Figure 6a), at 6,400 kN·m the 

porosities after 10 punches are 33.7% at m1, 34.8% at m2 (horizontal 
distance ≈0.4 m from the impact point), and 35.3% at m3 (≈0.6 m). 
After five squeezes with 50% gravel, m2 and m3 register 34.1% and 
34.5%, respectively; with 60% gravel, m2 and m3 are 34.2% and 
34.7%. At 8,000 kN·m, the corresponding porosities are 34.7%, 

FIGURE 4 
Indoor test model platform and CT scanning principle. (a) Indoor Model Test (b) Specimen Extraction of Piers (c) CT Scaning and the 
working principle.

TABLE 2 Definition of the reported energy levels and corresponding scaled loading parameters.

Prototype-equivalent energy (Ep) Model input energy (Em) Model hammer mass (Mm) Model drop height (Hm)

3,840 kN·m 0.024 kN·m 4 kg 0.60 m

6,400 kN·m 0.040 kN·m 4 kg 1.00 m

8,000 kN·m 0.050 kN·m 4 kg 1.25 m

TABLE 3 Comparison groups in laboratory model tests.

Prototype-equivalent energy (Ep) Model input energy (Em) 50% Clay-gravel 60% Clay-gravel

3,840 kN·m 0.024 kN·m P1 P2

6,400 kN·m 0.040 kN·m P3 P4

8,000 kN·m 0.050 kN·m P5 P6
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34.1%, and 34.2% at m2, and 35.3%, 34.5%, and 34.7% at m3 
(Figure 6b). For a given energy level and gravel content, porosity 
along the horizontal line increases markedly with horizontal 
distance from the impact point. Moreover, at 8,000 kN·m the 
m1 porosity is consistently lower than at 6,400 kN·m, whereas 
m2 and m3 are broadly comparable between the two energy 
levels, indicating rapid attenuation of energy with horizontal 
distance and, consequently, significantly lower densification at 
mid-field and far-field locations (m2, m3) than near-field (m1).

3.2.2 45° oblique direction
For the 45° oblique points (m4, m5), at 6,400 kN·m the porosities 

after 10 punches are 32.9% and 34.3%; after five squeezes with 50% 
gravel they are 33.1% and 34.1%; with 60% gravel they are 33.1% and 
34.2% (Figure 6c). At 8,000 kN·m, the corresponding values for 
m4 are 32.8%, 32.5%, and 32.6%, and for m5 are 33.9%, 33.6%, and 
34.0% (Figure 6d). Compared with the horizontal direction, porosity 
at the 45° oblique points is lower at both energy levels, implying 
slower attenuation of energy along the oblique path, which is related 
to higher efficiency of particle collisions and energy transfer along 
oblique stress-wave trajectories.

3.2.3 Vertical direction
For the vertical points (m6, m7), at 6,400 kN·m the porosity after 

10 punches is 32.2% at m6 and 32.9% at m7. After five squeezes with 
50% gravel, m6 and m7 are 32.0% and 32.1%; with 60% gravel they 
are 32.2% and 32.4% (Figure 6e). At 8,000 kN·m, the corresponding 
values are 31.5%, 31.9%, and 32.2% at m6, and 30.3%, 30.7%, and 

30.9% at m7 (Figure 6f). The data show a stable decrease of porosity 
with depth in the vertical direction and, at the same depth, 
significantly lower porosity than along the horizontal and 45° 

oblique directions (e.g., under 8,000 kN·m with 60% gravel, 
m7 is far below m5 at 34.0%). This indicates the slowest 
attenuation of energy vertically, attributable to alignment of the 
vertical direction with the path of impact-force transmission, which 
minimizes wave-energy loss and promotes more extensive particle 
migration and pore compression, thereby achieving the highest 
degree of densification.

3.3 Energy

3.3.1 Energy partitioning comparison
Under the Hertz hysteretic–viscous contact formulation, 

input energy during dynamic compaction is primarily 
transformed and dissipated through three channels—elastic 
strain energy, sliding work, and viscous damping dissipation 
(Mindlin and Deresiewicz, 1953). Using the composite energy 
response plots for two model input energy levels (40J and 50J) and 
two gravel contents (50% and 60%) (Figure 7), the post–five blow 
energy budgets are compared to elucidate how energy level and 
mixture ratio govern transmission efficiency and dissipation 
mechanisms.

At 40 J of model input energy, stress-wave amplitudes and 
particle motions remain relatively moderate. The magnitudes of Ek
and Eβ are comparable, and the differences between the 50% and 
60% gravel contents are small (Figures 7a,b). At the end of five 
blows, the slip work Eμ is approximately 9.5 J for the 50% mixture 
and 10 J for the 60% mixture, with a difference of about 0.5 J. This 
reflects a moderate energy input with balanced particle-scale 
dissipation, in which elastic compression and velocity-dependent 
damping jointly dominate the energy budget and variations in gravel 
content do not markedly alter the partitioning. When the model 
input energy increases to 50 J, high-energy stress waves substantially 
intensify particle motion and deformation. In this regime, Eμ

becomes more sensitive to gravel content. Within five blows, Eμ

is about 6 J for the 50% case and about 3 J for the 60% case, 
indicating that poorer skeletal continuity promotes more random 
slip and greater dissipation through non-directional friction 
(Figures 7c,d). In addition, the interlocking and rolling-resistance 
effects associated with angular gravel are not explicitly represented 
by the spherical-particle idealization, which may underestimate 
skeleton continuity and bias the predicted sliding work toward 
higher values under strong impacts, particularly for the more 
discontinuous 50% gravel case. As shown in Figure 7c, the 
discontinuous skeleton at 50% gravel, coupled with reduced 
kinematic constraint on elastic deformation, amplifies particle 

FIGURE 5 
The variation patterns of the settlement in numerical simulation 
and indoor model tests.

TABLE 4 RMSE and PE of settlement under different tamping energy levels.

Prototype-equivalent energy (Ep) Model input energy (Em) RMSE PE

3,840 kN·m 0.024 kN·m 0.0051 6.83%

6,400 kN·m 0.040 kN·m 0.0110 6.10%

8,000 kN·m 0.050 kN·m 0.0073 4.05%

Frontiers in Built Environment frontiersin.org08

Xie et al. 10.3389/fbuil.2026.1752311

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2026.1752311


vibration velocities, rendering Ek in the 50% case the highest among 
all scenarios.

3.3.2 Normalized energy indices
To facilitate cross-condition comparison and to clarify the 

engineering significance of the observed differences, the sliding 
work is further reported in normalized, increment-based forms. 
Specifically, the increment-based sliding fraction within the 
contact-energy budget is defined as RΔ

μ , and the increment-based 
sliding ratio normalized by the external input energy on the model 
scale is defined as Rin,Δμ , with the evaluation window taken from the 

end of the first blow to the end of the fifth blow. The resulting indices 
are summarized in Table 5. The table shows that, at the medium 
energy level, both mixtures exhibit comparable RΔ

μ and Rin,Δμ , 
indicating a relatively stable partitioning. At the high energy level, 
the 50% mixture presents a noticeably larger input-normalized 
sliding increment than the 60% mixture, confirming that the 
difference reflects a change in energy partitioning mechanisms 
rather than only the absolute magnitude of Eμ. This quantitative 
normalization supports the interpretation that a less continuous 
skeleton tends to promote more frictional slip dissipation under 
strong impacts.

FIGURE 6 
The variation pattern of soil porosity under the 5 times squeezing compaction. (a) Porosity in the horizontal direction at the 6,400 kN·m; (b) Porosity 
in the horizontal direction at the 8,000 kN·m; (c) Porosity in the 45° oblique direction at the 6,400 kN·m; (d) Porosity in the 45° oblique direction at the 
8,000 kN·m; (e) Porosity in the vertical direction at the 6,400 kN·m; (f) Porosity in the vertical direction at the 8,000 kN·m.
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3.3.3 Microstructural interpretation of mechanisms
The two-dimensional μCT slices and the corresponding three- 

dimensional reconstruction in Figure 8 indicate that a 60% gravel 
content develops a more continuous load-bearing skeleton with a 
more regular external morphology, whereas 50% gravel exhibits 
localized discreteness and discontinuities that provide insufficient 
rigid constraint. Consequently, at high energy levels, the 50% 
mixture is prone to disordered, repeated slip and collision events, 
producing stepwise increments of Eμ that are markedly larger than 
in the 60% case. By contrast, the 60% case shows more directional and 
controlled particle kinematics with less random sliding, so a larger share 
of the contact-energy budget contributes to compressive deformation 
and densification rather than friction-dominated dissipation. Energy is 
transmitted most efficiently along the vertical path to drive densification, 

while horizontal transmission decays rapidly with distance. This is 
consistent with the earlier “rapid-then-gradual, approaching steady” 
evolution of settlement with blow count and with the spatial pattern of 
porosity—lowest vertically and highest horizontally. In other words, 
vertical transmission more readily converts input into effective Eμ + Ek, 
whereas horizontal transmission, being more susceptible to boundary 
effects and heterogeneity, is preferentially transformed into Eβ and 
dissipated quickly.

4 Discussion

To investigate directional characteristics of vibratory stress 
waves generated by PSDC in high-fill, thick red clay foundations, 

FIGURE 7 
Energy response under different conditions. (a) 6400kN-m(Ep)-50% clay-gravel (b) 6400kN·m(Ep)-60% clay-gravel (c) 8000kN-m(Ep)-50% clay- 
gravel (d) 8000kN-m(Ep)-60% Clay-Gravel.

TABLE 5 RΔ
µ and Rin,Δ

µ of slide-work partitioning under different conditions.

Prototype-equivalent energy (Ep) Model input energy (Em) Gravel contents RΔ
µ Rin,Δ

µ

6,400 kN·m 40J 50% 0.829 0.021

6,400 kN·m 40J 50% 0.867 0.024

8,000 kN·m 50J 60% 0.824 0.031

8,000 kN·m 50J 60% 0.778 0.014
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two additional velocity monitoring points were arranged along each 
of the three observation directions within the original simulation 
model box. The hammer, soil mass, clay–gravel backfill, and 
boundary conditions were kept identical to the initial 
configuration. The locations, views (front and side), and 
identifiers of the added sensors are shown in Figures 9a,b. It 
should be clarified that the impact energy level strongly affects 
the magnitude-related responses (e.g., settlement, porosity 
evolution, and energy partitioning), whereas the directional 
ranking and overall decay form of PPV along the three principal 
directions are comparatively weakly energy-dependent within the 
investigated range. In our comparisons between 6,400 and 
8,000 kN·m, the directional attenuation ranking 
(vertical >45°oblique > horizontal in transmission efficiency) 
remained unchanged, while the primary differences were 
reflected in the overall amplitude scale. Given the limited space 
and the relatively small energy gap, 8,000 kN·m was adopted as a 
representative case to present clearer time histories. Therefore, 
simulations were conducted for both 50% and 60% mixtures 
under 8,000 kN·m squeezing impacts, yielding the velocity time 
histories shown in Figure 10.

4.1 Coupling characteristics of directional 
vibration response and gravel content

Particle vibration velocity is a dynamic time-history parameter 
that captures particle motion and stress wave transmission in soils 
subjected to PSDC impacts (Jifang et al., 2025). Figure 10 compiles 
representative particle-velocity time histories at the monitored 
points, with separate panels corresponding to the vertical, 45° 

oblique, and horizontal directions for the two mixture ratios. 
Because the vertical direction coincides with the direction of 
energy input, stress wave radiation is strongest and peak 
velocities are markedly higher than in other directions; For 
example, in the 50% clay-gravel case the peak at point mE 

reaches 0.093 m/s (Figure 10a), while peaks at mC and mA are 
0.038 m/s (Figure 10c) and 0.042 m/s (Figure 10e), respectively. Peak 
velocities attenuate most rapidly in the horizontal direction, with the 
45° oblique direction intermediate—lower peaks than vertical yet 
without the abrupt near-field decay seen horizontally.

The rapid horizontal attenuation indicates the strongest 
impedance to lateral wave transmission, with enhanced 
interparticle friction and interface reflections (Wu et al., 2020). It 
should also be noted that the present observations were obtained in a 
rigid, finite container (1.20 × 1.00 × 1.00 m), where sidewall 
reflections and constrained lateral deformation may partially 
interfere with wave propagation. In such a bounded domain, 
multiple reflections and reduced lateral strain compatibility can 
accelerate the apparent decay of measurable PPV amplitudes away 
from the source, compared with an semi-infinite field condition. 
Nevertheless, because the same boundary condition was consistently 
applied to all scenarios, the comparative directional ranking and the 
relative differences between the 50% and 60% mixtures remain 
informative within the tested setup.

Lateral responses are characterized by squeezing with shear-slip 
dominated deformation, short vibration duration, and low energy 
density. During squeezing, horizontal peaks for the 60% mixture are 
slightly lower than for the 50% mixture, implying that formation of a 
stiffer, more continuous skeleton suppresses lateral dispersion and 
concentrates energy in the deeper vertical densification. 45° oblique 
propagation is jointly controlled by geometric path length and 
interface conditions: waves traverse more particle interfaces and 
are not fully aligned with the principal force chain axes, promoting 
stronger interfacial dissipation and lateral scattering and thereby 
shortening the effective transmission distance; consequently, the 
middle to far field response in the 45° oblique direction decays 
rapidly (Figures 10c,d).

Near the surface and close to the impact point (m1, mE, mC, 
mA), peak velocities in the 50% mixture generally exceed those in 
the 60% mixture: vertical shallow peaks of 0.157 m/s versus 0.114 m/ 
s (Figures 10a,b), 45° oblique peaks of 0.038 m/s versus 0.034 m/s 

FIGURE 8 
Two-dimensional CT scan slices and three-dimensional reconstruction.
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(Figures 10c,d), and horizontal peaks of 0.042 m/s versus 0.029 m/s 
(Figures 10e,f). The consistent trend in all three directions indicates 
that, at shallow depths and near-field scales, the lower gravel content 
produces larger vibration amplitudes and stronger local 
displacements. Relative to the more continuous skeleton at 60% 
gravel, the 50% mixture contains more fines and exhibits lower bulk 
and contact rigidity, coupling incident waves more readily into 
particle motion and local plastic deformation and thus yielding 
higher instantaneous peaks. Additional soil–gravel interfaces and 
discontinuous force chains in the 50% case enhance scattering and 
local reflections, trapping energy in the shallow zone and elevating 
amplitudes. In contrast, the 60% case, owing to a stiffer and more 
continuous contact network, exhibits higher system wave 
impedance (Z = 

���
ρE

􏽰
), facilitating vertical transmission along 

gravel force chains into deeper layers; Shallow peaks are therefore 
suppressed, while vertical deep-layer particle rearrangement and 
sustained vibration are more effectively driven (Figures 10a,b).

4.2 Directional attenuation based on three- 
dimensional wavefronts

To characterize three-dimensional propagation and dissipation 
of vibration waves during PSDC, attenuation laws were first 
identified by regression analysis of direction-dependent peak 
velocities within an integrated framework of PFC3D simulations, 
the Hertz contact model and laboratory model tests; These empirical 
laws were then organized into a unified wavefront-informed 
parametric formulation. In this study, the three-dimensionality 
refers to the spatial wavefront concept and 3D propagation 
geometry, whereas the quantitative attenuation is extracted along 
three principal directions (vertical, horizontal and 45° oblique) with 
a limited number of monitoring points. This principal-direction 
sampling is intended to capture dominant directional trends and 
mechanisms, rather than to reconstruct a continuous full-field three- 
dimensional vibration map. Accordingly, the most transferable 
outcomes at the current stage are the comparative directional 
ranking and decay form consistency among the three principal 
directions, as well as the relative regulation introduced by gravel 

content within the tested 50%–60% range, rather than any site- 
independent absolute field prediction.

4.2.1 Directional attenuation and the effect of 
gravel content

Using the peak velocities from five squeezing blows marked by 
blue/pink boxes in Figure 10 and the corresponding directional 
distances, exponential engineering fits were performed for the 
vertical Z, the 45° oblique S, and the horizontal X directions 
(Figure 11), as expressed in Equations 8-10: 

Vz z( ) � Vz0 · e
−αz ·z (8)

Vd s( ) � Vd0 · e
−αd ·s (9)

Vx X( ) � Vx0 · e
−αx ·x (10)

The goodness-of-fit is reported using the coefficient of 
determination R2, which is annotated on each fitting curve in 
Figure 11. For the three principal directions, the exponential 
regressions provide consistently high R2 values, supporting the 
suitability of the exponential attenuation form within the 
investigated distance range. Results indicate exponential decay in 
all three directions, with attenuation strength satisfying: 
horizontal> 45∘ oblique > vertical. This ordering is consistent 
with large-scale field observations at Daxing Airport, where lateral 
attenuation exceeds downward attenuation, indicating 
predominantly downward stress-wave transmission (Jifang et al., 
2025). This consistency is qualitative and refers only to the directional 
ranking, not to matched attenuation coefficients or scaled distances.

Gravel content exerts a clear regulatory effect on the attenuation 
coefficients: the 60% mixture exhibits smaller vertical, 45° oblique, 
and horizontal attenuation, whereas the 50% mixture shows higher 
near-surface peaks but stronger decay in all directions (Figure 11). 
This behavior accords with the energy partition mechanism under 
the Hertz hysteretic–viscous formulation: insufficient skeletal 
continuity at 50% enhances random interparticle slip, elevating 
sliding work Eμ and promoting shallow and lateral dissipation, 
hence larger attenuation; By contrast, the 60% mixture forms 
more continuous force chains and a stiffer skeleton, increasing 
wave impedance and strengthening downward energy 

FIGURE 9 
The distribution of velocity measurement points within the model box. (a) Front view (b) Side view.
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transmission, which manifests as slower vertical decay and 
suppressed horizontal diffusion. The directional attenuation is 
corroborated by micromechanical densification indicators: 
vertical porosity decreases steadily with depth and is markedly 
lower than that at equal distances along the horizontal and 45° 

oblique directions; At the same energy level, near-surface point 
m1 shows substantially higher porosity (lower densification) 
differences relative to middle and far field points m2 and m3, 
reflecting the rapid lateral attenuation of energy.

4.2.2 Directional attenuation model based on 
three-dimensional wavefronts

According to vibration stress-wave propagation theory (Singla 
and Gupta, 2021; Bao et al., 2025), tamping in soils can generate three 
representative wavefronts: (1) a quasi-one-dimensional, plane-wave- 
like downward propagation with limited geometric spreading within 
the investigated domain, where the wavefront can be approximated 
as locally planar; (Figure 12a); (2) a cylindrical front diffusing parallel 
to the ground surface (Figure 12b); and (3) a hemispherical front 

FIGURE 10 
Time-history curves of the velocity during squeezing under different conditions. (a) Vertical vibration velocity of 50% clay-gravel; (b) Vertical vibration 
velocity of 60% clay-gravel; (c) 45° diagonal vibration velocity of 50% clay-gravel; (d) 45° diagonal vibration velocity of 60% clay-gravel; (e) Horizontal 
vibration velocity of 50% clay-gravel; (f) Horizontal vibration velocity of 60% clay-gravel.
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emanating from the pit bottom (Figure 12c). Distinct geometries 
induce distinct geometric-scattering terms. To simultaneously 
represent geometric spreading and viscoelastic dissipation of the 
medium, a direction-dependent exponential family is introduced: 

V l, θ( ) � A0 θ( ) · l−nθ · exp − αθl + βθl
2( 􏼁􏼂 􏼃 (11)

where A0(θ) is the directional initial amplitude, nθ is the geometric- 
scattering exponent, and l is the path length along the wavefront in 
direction θ. The coefficient αθ captures first-order losses associated 
with viscosity and small-scale scattering, whereas βθ accounts for 
second-order losses accumulated along the path due to multiple 
scattering and coupling with heterogeneity. When βθ ≈ 0, the model 
degenerates to single exponential decay; When βθ > 0, it yields an 
exponential with a quadratic polynomial form, enabling description 
of the near to far field transition from viscosity dominated to 
multiple scattering dominated attenuation.

From the perspective of classical stress-wave propagation in 
tamped soils, the three representative wavefronts reported in the 
literature (locally planar, cylindrical and hemispherical) mainly 
differ in their geometric spreading and the associated energy 
dilution with distance. Equation 11 is consistent with this 
framework by separating a geometry-controlled term l−nθ from a 
path-loss term exp[−(αθl + βθl

2)]: the former captures the effective 
strength of geometric spreading for a given wavefront geometry and 
direction, whereas the latter summarizes irreversible losses 

accumulated along the path due to contact damping and interface- 
related scattering in the clay–gravel mixture. In this sense, the present 
wavefront-based formulation does not replace existing propagation 
theory, but provides a compact way to map the observed directional 
PPV decays onto representative wavefront geometries, thereby 
enabling direct comparison of directional ranking and gravel- 
content effects within a unified expression.

Importantly, this unified formulation is built upon the 
directional fits and ordering identified in §4.2.1: the empirically 
obtained αz、 αd、 αx are regarded as directional instances of αθ. 
This formulation embeds the fitted directional exponential 
attenuation into representative three-dimensional wavefront 
geometries and offers a wavefront-consistent, physics-informed 
interpretation of the empirical trends; the parameters nθ, αθ and βθ
are treated as regression-derived effective descriptors rather than 
independently calibrated wavefront constants, and the 
formulation is therefore not presented as a fully calibrated 
mechanistic model.

4.3 Limitations and applicability

Despite the integrated methodology, several limitations should 
be acknowledged to ensure an appropriate interpretation and 
transfer of the findings.

FIGURE 11 
The fitting curves of the velocity peak value in three directions. (a) Vertical direction; (b) 45° oblique direction; (c) Horizontal direction.

FIGURE 12 
Three types of wavefronts. (a) Quasi-1D planar wavefront; (b) Cylindrical wavefront; (c) Hemispherical wavefront.
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1. Scale and boundary effects: the physical tests were conducted 
in a rigid scaled container, and sidewall reflection and lateral 
deformation constraints may influence wave propagation, 
especially along horizontal and oblique directions. 
Therefore, the reported directional attenuation 
characteristics should be interpreted with awareness of 
potential boundary interference.

2. Directional and spatial sampling: the attenuation analysis 
focuses on three principal directions with a limited number 
of monitoring points, which affects the robustness of the fitted 
parameters and restricts the resolution of a complete three- 
dimensional vibration field. The proposed formulation is 
intended for these principal directions rather than a full- 
field representation.

3. Material idealization in DEM: the DEM model adopts an 
idealized dry particle system and simplified spherical 
particle shapes, whereas field foundations may exhibit 
saturation-dependent responses and irregular gravel 
morphology. These factors can affect impedance, dissipation 
pathways and attenuation rates. Accordingly, the absolute 
attenuation coefficients and energy-partition percentages 
reported in this study should be interpreted within the 
present dry-granular DEM idealization and scaled rigid- 
boundary conditions, and they are not intended as site- 
independent design values.

4. Parameter range: only two gravel contents (50% and 60%) were 
tested. The observed comparative trends should not be 
interpreted as evidence of a globally optimal gravel content 
without further testing across a broader range.

5. Uncertainty and robustness: Porosity, PPV and energy- 
related quantities are reported as deterministic values, but 
both measurements and DEM simulations involve 
uncertainties. In the scaled tests, PPV time histories may 
be affected by sensor noise, coupling conditions, installation 
tolerance and repeatability of impact loading, which 
primarily influence the absolute peak amplitudes. 
Nevertheless, because identical instrumentation, boundary 
conditions and calibration procedures were used across all 
scenarios, the key conclusions rely primarily on comparative 
trends and directional ranking rather than single-point 
absolute values.

5 Conclusion

An integrated “numerical–experimental–microscale” 
investigation was conducted for Punching and Squeezing 
Dynamic Compaction: A discrete-element model with Hertz 
hysteretic–viscous contacts was built in PFC3D, calibrated and 
validated against laboratory model tests, and complemented by 
μ-CT scanning and 3D reconstruction to resolve the pier’s gravel 
skeleton. Building on settlement evolution, spatial porosity patterns, 
energy dissipation mechanisms, and directional vibration responses, 
a three-dimensional wavefront–based attenuation law was 
established. The objective was to clarify directional transmission 
and dissipation of wave energy under PSDC, elucidate how gravel 
content regulates the load-bearing skeleton and energy partitioning, 

and inform optimization of design parameters. The main 
conclusions are:

• Settlement response: Simulated and measured settlement blow 
curves agree well at the three energy levels. Settlement increases 
rapidly during blows 1 to 5 and then increases more moderately 
from blows 6 to 10. Increasing impact energy from 6,400 to 
8,000 kN·m produces larger total settlement, while the 
incremental settlement after about the seventh blow becomes 
smaller, indicating reduced marginal utilization of additional 
input energy.

• Porosity distribution: At 6,400 and 8,000 kN·m, horizontal 
porosity increases with distance; porosity along the 45° 

oblique direction is overall lower than along the horizontal; 
Vertical porosity decreases steadily with depth. These trends 
reflect strongest vertical transmission and fastest lateral 
attenuation.

• Energy partition: At 6,400 kN·m, elastic strain energy Ek and 
viscous dissipation Eβ are of comparable magnitude, and 
sliding work Eμ differs by only about 0.5 J between 50% 
and 60% gravel. At 8,000 kN·m, Eμ becomes most sensitive 
to content: within five blows, the 50%–60% differences reach 
about 6 J and 3 J, respectively, implying that a less continuous 
skeleton (50%) promotes more random slip and greater 
shallow/lateral dissipation, whereas a 60% mixture converts 
more input into oriented compaction work and transmits 
it deeper.

• Directional PPV: Vertical peak velocities are significantly higher 
than oblique and horizontal peaks. At the same energy level, 
near-surface and near-source peaks are larger for 50% than for 
60% (vertical: 0.093 vs. 0.080 m/s; 45° oblique: 0.038 vs. 0.034 m/ 
s; horizontal: 0.042 vs. 0.029 m/s), indicating that lower gravel 
content more readily couples incident waves into shallow 
particle motion and local plastic deformation, while higher 
content suppresses near-field peaks and favors deep 
transmission.

• Skeleton evidence and coupled mechanism: Slices and three 
dimensional reconstructions show a more continuous load 
bearing skeleton at 60% gravel and localized discontinuities 
at 50%. The 60% case attains lower vertical porosity and 
more persistent vertical vibration, together with smaller 
attenuation parameters αθ and βθ and higher effective 
deep energy. Overall, settlement, porosity and energy 
decomposition consistently corroborate the coupled link 
between skeleton connectivity, energy partitioning and 
densification efficiency.
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