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To investigate the mechanism of hammer-soil interaction under the action of dynamic compaction (DC) on a coarse-grained soil
foundation, based on the theory of projectile penetration, the continuous-discrete coupling method is used to simulate the
hammer-soil interaction process with different hammer shapes and different particle radii. (e physical phenomena and me-
chanical parameters presented by the hammers and soil particles are quantitatively analyzed.(e results show that the penetrating
ability of the hammer is proportional to its lateral extrusion shearing ability and inversely proportional to its vertical extrusion
capacity. (e convex-bottomed hammer has the maximum penetration and lateral extrusion capability, the flat-bottomed
hammer has the smallest penetration ability and the lateral extrusion capacity, and the concave-bottomed hammer has a
penetration and lateral extrusion ability between those of the convex- and flat-bottomed hammers. (e impact strength and
vertical disturbance of the flat-bottomed hammer are the strongest, followed by the concave-bottomed hammer and the convex-
bottomed hammer. In addition, it is found that the smaller the particle size of the coarse-grained soil is, the greater the depth of the
crater formed and the smaller the contact force and the influence range of vertical disturbance. (ese research results reveal the
interaction mechanisms of different hammer types and coarse-grained soil, which is expected to provide reference and guidance
for the design and construction of coarse-grained soil foundations enhanced by DC.

1. Introduction

Soil-tool interaction is one of the major problems in the
fields of civil and agricultural engineering. (e soil-tool
interaction involves two aspects: one is the force exerted by
the tool on the soil and the other is the dynamic response of
the soil under the action of the tool. Currently, there are
three methods for studying soil-tool interactions [1]: ana-
lytical methods, experimental methods, and numerical
simulation methods. Due to the geometric irregularity of the
shape of the tool and the nonuniformity of the soil fabric, it
is difficult to accurately describe the interaction using an-
alytical methods or empirical formulas. (erefore, numer-
ical simulation is generally used to optimize the shape of the

tool, and the test method is used for performance testing
after being verified by experimental results. (e simulation
methods for studying soil-tool interactions can be divided
into finite element methods based on the continuum hy-
pothesis [2, 3], discrete element methods based on granular
mechanisms [4–8], and continuous-discrete coupling
methods [9, 10] considering soil particle properties and tool
properties.(e finite element method can simulate the shape
of the tool and its force characteristics in the continuous
domain, so it is mostly used for the optimization design of
the tool, but it cannot simulate the compaction effect of the
soil and the interaction between the soil particles. (e
discrete element method can simulate the motion and force
characteristics of the soil particles on a mesoscale, but it is
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not able to simulate the force characteristics of the tool. (e
continuous-discrete coupling method can combine the ad-
vantages of the finite element and discrete element to over-
come the shortcomings of a single simulation method, and it
can reflect the soil-tool interaction from the physical essence;
thus, it is the most ideal method to study the soil-tool in-
teraction. Dynamic compaction (DC) is a widely applicable
soil ground treatment method, and the interaction between
hammer and soil is a typical soil-tool interaction problem in
the process of dynamic consolidation.

As far as the numerical simulation of DC is concerned,
Pan and Selby [11] simulated the DC of loose soils under
dynamic loads numerically using the finite element package
ABAQUS and summarized the influence of drop height,
drop mass, and soil properties on the peak particle accel-
eration, mass penetration (crater depth), and influenced
zone. Liu et al. [12] simulated high-energy tamping using
two-dimensional and three-dimensional finite element
models and found that the 3D model can simulate the
deformation of the foundation better than the 2Dmodel. Gu
and Lee [12] analyzed the mechanics of dynamic compaction
using a two-dimensional finite element method and found
that there were two approaches to increase the depth of
improvement, enhancing the energy transfer between the
tamper and ground and deepening the zone of transient K0
compression to delay the spherical dispersion of the stress
wave. Wang et al. [13] proposed a simplified model for
describing the ground deformation of granular soils caused
by dynamic compaction using the dynamic finite element
package LS-DYNA to determine the optimal number of
blows under DC. Zhou and Song [15] simulated the DC of
highly filled foundations filled with broken rock-soil mix-
tures with the discrete element package PFC3D and in-
vestigated the influence of particle shape and fine grain
contents on the compaction. Ma et al. [16] simulated the DC
process of gravel soil ground by the particle flow discrete
element code PFC2D and analyzed the improvement effect
and the influence depth of the dynamic compaction of the
gravel soil foundation based on the porosity variation. Jia
et al. [10] presented a 2D PFC/FLAC coupled method to
simultaneously reveal the macro- and micromechanisms of
granular soils during dynamic compaction. Li et al. [17]
analyzed the influence of particle breakage on DC for gravel
soil ground by 3D PFC. Wang and Li [18] investigated the
compaction effect and environmental impact effect of DC
using a 3D continuous-discrete coupling method.

At present, the DC of a foundation develops in two
directions: improving the effect of slamming reinforcement
and controlling the environmental impact. Simply relying
on increased slamming energy to improve the strength of
the strong tamping will increase the adverse noise and
vibration effects on the environment. In general, the shape
of the hammer affects the force characteristics of the soil-
hammer interaction, which has a corresponding degree of
influence on the soil upon which the hammer acts.
(erefore, optimizing the shape of the hammer is one of the
main research tasks of the soil-hammer interaction [4]. (e
shape of the hammer will also affect the slamming per-
formance and environmental vibration intensity. At

present, the influence of the shape of the hammer on the
effect of DC has not been systematically studied and
specifically discussed.

To reveal the influence of different shapes of hammers on
the consolidation effect and vibration range of coarse-
grained soil foundations, this paper intends to simulate the
DC process of a coarse-grained soil foundation by a three-
dimensional continuous-discrete coupling method and
analyze the deformation characteristics and mechanisms of
hammer-soil interaction. In this paper, the continuous-
discrete coupling model is established based on the labo-
ratory model test. (en, the micromechanical parameters
of the particles are obtained by the triaxial shear test
simulation results. (e reliability of the continuous-dis-
crete coupling model is verified by the laboratory dynamic
compaction test results. Finally, the hammer-soil in-
teraction characteristics of different types of hammers,
such as flat-bottomed hammers, concave-bottomed ham-
mers, and convex-bottomed hammers, were simulated, and
the influence of particle size on the slamming effect was
analyzed.

2. Continuous-Discrete Coupling
(CDC) Methods

Continuous-discrete coupling can use either a complex
coupling domain model in which a continuous zone and a
discrete zone have overlapping regions or a simple coupling
domain model in which a continuous zone and a discrete
zone coincide only at the contact surface [19]. (is paper
uses a coupling method that generates a wall of a discrete
model directly from the zone faces of a solid element in a
continuous domain [20]. (e interfaces between the solid
zone and soil particles are composed of two parts: a ham-
mer-soil interface and a box-soil interface. (e velocity and
displacement of the box element nodes are applied to the soil
particles as the velocity and displacement boundary con-
ditions in the discrete domain. At the same time, the force
and moment inside the zone element are transferred to the
vertex of the solid element through the wall of the discrete
model as the stress boundary condition of the hammer and
the box in the continuous domain. Based on the principle
and method of phenomenological simulation, it is necessary
to select the experimental results to verify the numerical
calculation. In this paper, the numerical model verification is
mainly based on the indoor dynamic compaction model test
results of a coal gangue foundation completed by Zhang and
Wang [21, 22].

As shown in Figure 1(a), the box is a cylinder with an
outer diameter of 0.510m, an inner diameter of 0.410m, and
an inner depth of 1.0m. (e box model consists of 2384 8-
node linear brick elements (C3D8).(e hammer is a convex-
bottomed cylinder with 0.232m height and 0.22m diameter.
It consists of 3000 C3D8 elements. Both the hammer and the
box are made of steel with a modulus of elasticity of 200GPa,
a Poisson’s ratio of 0.25, and a density of 7850 kg. (e mass
of the hammer is 25 kg. To avoid the convergence problem
caused by the excessive difference in stiffness between steel
and soil particles in the continuous-discrete coupling
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calculation, the elastic modulus of the steel is set to 80MPa
in the actual calculation.

In a micromechanical simulation method, discrete ele-
ments can generate a true grading distribution of particle
assemblies. At the macroscopic scale, if the particles are
actually graded to form particles, the number of particles can
reach more than one million, which will cause difficulties in
conventional mechanical calculations. (ere are two current
solutions: one is to study the physical and mechanical
properties of the true gradation particle set in a local area by
mesoscope coupling; the other is to simplify the particle size
distribution and reduce the number of calculated model
particles to less than two hundred thousand by using uni-
form particle size distribution so that it is suitable for cal-
culation in small workstations. In this paper, the
micromechanical parameters calibration and CDC model
validation are performed using the particle size distribution
which resembles coal gangue foundation fillings in the
laboratory test [22]. After that, CDC models with uniform
particle sizes are used to analyze the effect of the shape of the
tampers and the particle sizes on the DC effect for sim-
plification. As shown in Figure 1(b), the DEM model used
for DC validation is a cylindrical column with diameter
0.41m and height 1.0m and the particle diameters are be-
tween 1mm and 32mm. Specifically, the particle content in
the range of 1mm–5mm, 5mm–13mm, 13mm–26mm,
and 26mm–32mm is 45%, 33%, 17%, and 5%, respectively.
(e resulted grain size distribution curve of DEM simula-
tions is very close to that of the laboratory test (Figure 2).

(e discrete model is made up of granular material with
a certain bond strength to simulate the coal gangue.
(erefore, the discrete particle model uses a linear contact
bond model [23], and the interaction between particles is
simplified to a combination of normal and tangential
springs, sliders, and dampers; there is a certain shear and

tensile strength between particles. Without considering the
geometry and using a back-analysis method [18, 24], the
discrete elements consist of spherical particles with an elastic
modulus of 80MPa, a normal to tangential stiffness ratio of
2.0, a friction coefficient of 0.6, a tensile strength of 20 kPa,
and a shear strength of 200 kPa (Table 1).

3. Parameter Determination and
Model Validation

3.1. Relationship between Mesoscopic and Macroscopic
Parameters. Triaxial tests [25] can be used to establish the
relationship between the macroscopic mechanical
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Figure 1: (a) Full-scale hammer and box models in the continuous domain; (b) the DEMmodel replicating the particle size distribution of
laboratory tests.
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parameters of the coal gangue and its mesoscopic param-
eters. If we know the mesoscopic parameters, we can obtain
the corresponding macroscopic parameters directly by
means of a triaxial test. Otherwise, we should carry out a
number of triaxial tests on discrete samples with assumed
mesoscopic properties to achieve results close to the pre-
ferred response of the actual material. (e test curves are
shown in Figure 3(a). (e triaxial test model consists of top
and bottom platens, a cylindrical membrane, and particles.
(e cylinder of the DEM model is 300mm high and has a
radius of 100mm. (ere are 140877 particles generated
with grain size distribution shown in Figure 2. (e particle
parameters are as indicated above. Confining pressures of
0 kPa, 10 kPa, 50 kPa, and 100 kPa were applied by a servo
mechanism separately, and the top platen and bottom
platen were slowly moved toward each other at a speed of
0.003mm/s until the radial strain of the model exceeded
1%. Macroscopic mechanical parameters can be obtained
by a triaxial test simulation of granular materials and vice
versa [18, 24]. (e triaxial test strength envelope and its
fitting result are shown in Figure 3(b). (rough least square
fitting, the macroscopic material corresponding to the
micromechanical parameters of the particles has an in-
ternal friction angle of 57.32° and a cohesive strength of
143.4 kPa.

3.2. Validation of the CDC Model. Based on phenomeno-
logical theory and phenomenological simulation, the main
function of numerical calculation is description and pre-
diction, and the calculation of parameter verification is the
basis for testing the rationality of numerical calculation
results. For DC simulations, the reliability of numerical
simulations of the depth of the crater and soil dynamic stress
distributions can be used. In accordance with the verification
method described by Coetzee [26], this paper uses the soil
dynamic test results to verify the model calculation results.
When the tamping energy is 200N·m (i.e., the 25 kg hammer
is dropped from the height of 0.8m), laboratory test results
and simulated results are shown in Figure 4. Comparing the
test values with the simulated values, it is found that both of
the vertical soil dynamic stress amplitudes are equivalent
(approximately 279 kPa), and the shapes of the soil dynamic
stress curves are similar. At the same time, the calculated
crater depth is 1.5 cm, which is very close to the test result of
1.8 cm. (us, the continuous-discrete coupled numerical

calculation can reproduce the indoor DC test process and
make a reasonable prediction of the impact of slamming
parameter changes.

4. Results and Discussion

4.1. Influence of Hammer Shape on DC

4.1.1. Types of Hammer Analyzed. (ere are three main
types of hammers: flat-bottomed cylinders, spherical cap-
shaped convex-bottomed cylinders, and spherically sha-
ped concave-bottomed cylinders, as shown in Table 2. All
three types of hammers are 25 kg and fall from the same
height of 0.8m. Both the radius and the height of the
convex and the concave spherical caps are 510.1667 and
12mm, respectively. Compared with the hammer simu-
lated by the discrete particles by Ma et al. [16], the shape of
the hammer simulated by the solid element is more ac-
curate and easier to control, which is more in line with the
actual situation.

4.1.2. Character of Hammer Stress and Particle Displacement.
On the basis of the CDC model with actual grain size
distribution having been validated by the laboratory test, a
simplified DEM model with uniform radius of 10mm (la-
beled as sample 1 in Figure 2) is adopted, which is assembled
by 10191 particles in the cylindrical box as shown in
Figure 1(a) and thus with an acceptable time consumption
for numerical simulation.

(e displacement isogram of soil particles and the force
diagram of the smashing hammer at the moment of
maximum contact force for the flat-bottomed hammer (i.e.,
t � 3.7ms) and the completion time of the compaction (i.e.,
t � 15ms) are shown in Figures 5(a)–5(f ). When t � 3.7ms,
the crater depths ∆h under the action of the flat-bottomed
hammer, concave-bottomed hammer, and convex-bot-
tomed hammer are 8.0mm, 11.5mm, and 13.0mm, re-
spectively. At the same time, the depths of particle
disturbance caused by the compact action of the flat-
bottomed hammer, concave-bottomed hammer, and
convex-bottomed hammer are 430mm, 335mm, and
333mm, respectively, as shown in Figures 5(a)–5(c). When
t � 15ms, the crater depths for the hammer-soil interaction
of the flat-bottomed hammer, concave-bottomed hammer,
and convex-bottomed hammer are 8.5mm, 12.3mm, and
16.6mm, respectively, as shown in Figures 5(d)–5(f ).
Meanwhile, the corresponding turbulence depths of these
three hammers are 840mm, 825mm, and 820mm, re-
spectively. Under the same slamming energy, the crater
caused by the flat-bottomed hammer is the shallowest, but
the depth of the disturbance is the largest.(e crater caused
by the convex-bottomed hammer is the deepest, but its
disturbance depth is the smallest. Both the crater depth and
the disturbance depth caused by the concave-bottomed
hammer range between the other hammers. According to
the test results [27], when the hammer acts on the granular
soil, the particles under the bottom of the hammer will
undergo vertical or lateral extrusion, forming a lateral shear
zone and a vertical compression zone. (e penetration

Table 1: Micromechanical parameters used in DEM (PFC3D).

Parameter type Ball-ball Ball-wall
Density ρ (kg·m− 3) 2600
Contact modulus Ec (Pa) 8.0×107 8.0×107

Ratio of stiffness kn/ks 2 2
Normal critical damping ratio 0.9 1
Shear critical damping ratio 0.9
Tensile strength (Pa) 2.0×104

Cohesion (Pa) 2.0×105

Porosity 0.4
Frictional coefficient 0.6 0.01
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depths of the convex-bottomed hammer and the concave-
bottomed hammer are greater than those of the flat-bot-
tomed hammer, but at the same time, the lateral squeezing
action of the convex-bottomed hammer and the concave-
bottomed hammer on the granules are more significant
than those of the flat-bottomed hammer, thus affecting the
vertical reinforcement effect. It can be seen from the
comparison of Figures 5(a)–5(c) and 5(d)–5(f ) that the

slamming effect of the three different bottomed hammers
has the same trend at different times, which means that the
boundary effect of the model box does not affect the
conclusions of this paper.

In addition, it can be seen that the force characteristics of
different hammer shapes are different: the contact stress
distribution at the bottom of the flat-bottomed hammer is
more uniform; the edge of the concave-bottomed hammer
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produces a more significant stress concentration phenom-
enon; the central part of the convex-bottomed hammer
produces stress concentration.(e above analysis shows that
the lateral extrusion of the soil particles is in a competing
relation with the vertical extrusion displacement. (e
penetrating ability of the hammer is proportional to its
lateral extrusion shearing ability and inversely proportional
to its vertical extrusion capacity. Compared with a flat-

bottomed hammer, a special-shaped hammer, such as a
convex-bottomed or concave-bottomed hammer, offers
increased penetration ability but weaker vertical disturbance
depth.

4.1.3. Analysis of Penetration Characteristics of Hammer.
(e time-history curves of the flat-bottomed, concave-
bottomed, and convex-bottomed hammers are shown in

Table 2: Shape of hammers.

Hammer Geometry Radius (mm) Height (mm) Volume (mm3) Bottom area (mm2)

Flat hammer 220 220 8362920 38013

Concave hammer 220 232 8590094 38466

Convex hammer 220 232 8591904 38466
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Figure 6(a). Under the same slamming energy and soil
conditions, the displacement of the convex-bottomed
hammer is the largest, followed by the concave-bottomed
hammer and the flat-bottomed hammer. (e displacement
of the hammer is consistent with the depth of the crater
shown in Figure 4. In addition, it was found that the
convex-bottomed hammer has no rebound, the flat-bot-
tomed hammer has a slight rebound (a rebound dis-
placement of approximately 1mm), and the concave-
bottomed hammer has the largest rebound value (a re-
bound displacement of approximately 2mm). If the pen-
etration efficiency is defined as the ratio of the penetration
depth to the impact velocity of the projectile [28], it can be
found that the convex-bottomed hammer has the highest
penetration efficiency, the penetration efficiency of the
concave-bottomed hammer is in the middle, and the
penetration efficiency of the flat-bottomed hammer is
smallest, which is similar to the law of projectile pene-
tration [28], as shown in Figure 6(b). At the same time, it
can be seen that the penetration efficiency of the tamping
hammer increases with increasing penetration depth and
penetration speed, indicating that the granular medium
around the hammer exhibits quasi-fluidized phenomena
during the subsequent penetration process [29], which is
more conducive to penetration.

In terms of the contact force of the hammer, the flat-
bottomed hammer is the largest, followed by the concave-
bottomed hammer, and the convex-bottomed hammer has
the smallest contact force, as shown in Figure 6(c).(ere is a
local oscillation phenomenon in the curve of contact force
history, indicating that there is a stress localization effect in
the hammer-particle contact. In the initial contact with the
particles, the contact force of the flat-bottomed hammer
rapidly increases to 35.8 kN in a short time of 0.14ms and
then falls back to a second peak of 23.1 kN at t1 � 1.1ms, at
which time the acceleration of the hammer reaches a
maximum value of 1368m/s2. When t2 � 3.2ms, the contact
force of the concave-bottomed hammer reaches a maxi-
mum value of 22.5 kN and the acceleration of the hammer
reaches a maximum value of 1133m/s2. When t3 � 3.4ms,
the contact force of the convex-bottomed hammer reaches a
maximum value of 19.2 kN and the acceleration of the
hammer reaches a maximum value of 826m/s2. Among the
three types of hammers, the peak contact force and the peak
acceleration of the flat-bottomed hammer are the largest,
the concave-bottomed hammer is the second, and the
convex-bottomed hammer is the smallest. In addition, the
arrival time of the peak contact force and peak acceleration
of the flat bottom hammer are the earliest, followed by the
concave-bottomed hammer and the convex-bottomed
hammer.(e vertical earth pressure history at the bottom of
the crater has similar characteristics to the contact force
history, as shown in Figure 6(d). When t� 3.1ms, the
vertical earth pressure at the bottom of the crater under the
action of the flat-bottomed hammer is 294 kPa. When
t� 4.5ms, the vertical earth pressure at the bottom of the
crater under the action of the concave-bottomed hammer is
249 kPa. When t� 5.4ms, the vertical earth pressure at the
bottom of the crater under the action of the convex-

bottomed hammer is 265 kPa. It is clear that the shortest
arrival time of the peak vertical earth pressure is achieved by
the flat-bottomed hammer, followed by the concave-bot-
tomed hammer and convex-bottomed hammer. In addition,
the peak earth pressure at the bottom of the crater appears
later than the peak contact force of the hammer, which is
consistent with the actual transmission of the contact force
to soil particles.

4.2. Impact of Particle Size on DC. To study the effect of
particle size on the slamming effect, DEMmodels composed
of particles with uniform particle size distribution of 15mm,
10mm, and 5mm radii (labeled as sample 3, sample 1, and
sample 1 in Figure 2) at the time of the maximum contact
force of flat-bottomed hammer (i.e., t1 � 1.1ms) were se-
lected for analysis. (e selection of particle size is based on
two considerations: one is that the particle size is within the
range of particle size distribution of experimental soil
samples; the other is that the number of particles in the
generated DEM model should not be too large or too small,
which is not only convenient for calculation but also can
reflect the mesomechanical behavior of particle assembly.
For this cylindrical discrete element model, when the par-
ticle radius is 15mm, 10mm, and 5mm, the number of
particles generated is 3081, 10191, and 78669, respectively,
which meets the above two requirements.

When the particle size is 15mm, the crater depth ∆h is
8.0mm and the DC disturbance depth is 250mm, as shown
in Figure 7(a). When the particle size is 10mm, the crater
depth ∆h is 9.0mm and the DC effected depth is 245mm, as
shown in Figure 7(b). When the particle size is 5mm, the
crater depth ∆h is 38mm and the effected depth is 220mm,
as shown in Figure 7(c). As the particle size decreases, the
depth of the crater increases and the depth of the disturbance
decreases. (e maximum contact forces between particles
with radii of 15mm, 10mm, and 5mm are 583N, 345N, and
141N, respectively ( Figures 7(d)–7(f)). It can be seen that
the contact force between particles is positively correlated
with the dynamic disturbance depth.

(e area directly affected by the hammer can be called as
localized fluidization zone, where the discrete particles do
not steadily contact with each other and behave like a fluid
[30]. Experiments had revealed that the smaller the particles,
the easier it is to fluidize [31]. (us, the fluidized zone of the
soil around the hammer will increase as the particle size
decreases, so that the crater depth also increases as the
particle diameter decreases. (e area adjacent to the fluid-
ization zone in the DC is called the compaction zone [30]. It
has been shown that the larger the particle size, the greater
the contact force in the case of the same porosity, friction
coefficient, and external load [32, 33]. Based on the corre-
lation between contact force and disturbance depth men-
tioned above, the range of disturbance, which is only a little
bit larger than that of compaction zone, decreases with the
decrease of particle size.

It is also found that as the particle size increases, the
contact force between the particles increases linearly; while
the depth of the crater decreases in a concave curve, the

Advances in Civil Engineering 7



depth of disturbance increases in a convex curve.(e smaller
the particle size, the more easily the particles are laterally
extruded and the higher the efficiency of the hammer
penetration. At the same time, the smaller the particle size is,
the smaller the contact force transmitted between the par-
ticles and the smaller the vertical disturbance depth. In
addition, it is found that for different particle sizes, the stress
diffusion angle [34] and lateral displacement caused by
hammer action are not much different, which indicates that
the particle size mainly affects the depth of the crater and the
vertical extrusion depth.

5. Conclusions

(is paper simulates the hammer-soil interaction process for
the first time with the 3D continuous-discrete coupling
method to address the influence of hammer shape and
particle size on the penetration and densification effect for
coarse-grained soil foundations. Similar to our former work
[18], the stone backfill was simulated by particles in a dis-
crete domain, the test box and tamping hammer were
modeled by solid elements in a continuous domain, and the
soil-box interface and soil-hammer interface were simulated
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Figure 6: Time history of (a) displacement and (b) penetration efficiency, (c) contact force between hammer and soil, and (d) vertical
dynamic earth pressure underneath the hammer for flat, convex, and concave hammers.
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by an edge-to-edge coupling scheme. (e coupling model
accounts for the physical nature of the stone backfill, test
box, and hammer. During the interaction process, the be-
havior of the hammer and the response of soil particles
impacted by the hammer can be restored quantitatively by
the coupling method. (e following conclusions can be
drawn from the observed results of the coupled continuous-
discrete simulation:

(a) (e penetrating ability of the hammer is pro-
portional to its lateral extrusion shearing ability and
inversely proportional to its vertical extrusion ca-
pacity. Compared with a flat-bottomed hammer, a
special-shaped hammer, such as a convex-bottomed

or concave-bottomed hammer, increases the pene-
trating ability but reduces the depth of disturbance.

(b) An analysis of the force characteristics of different
types of tamping hammers revealed that the arrival
time of peak contact force and peak vertical dynamic
earth pressure is earliest for the flat-bottomed
hammer, followed by the concave-bottomed ham-
mer and convex-bottomed hammer. (is means that
the impact of the flat-bottomed hammer is the
strongest, followed by the concave-bottomed ham-
mer and finally the convex-bottomed hammer.

(c) Analyzing the discrete model with different sizes of
particles, it is revealed that the smaller the particle
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Figure 7: Particle displacement diagram with radius of (a) 15mm, (b) 10mm, and (c) 5mm; particle contact force chain diagram with
radius of (d) 15mm, (e) 10mm, and (f) 5mm under the action of a flat-bottomed hammer.
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size is, the larger the depth of the crater formed and
the smaller the contact force and the depth of dis-
turbance. (e contact force between particles in-
creases linearly with increasing particle size. (e
depth of the crater decreases in a concave curve,
while the depth of disturbance increases in a convex
curve. It is also found that the stress diffusion angle
and lateral displacement caused by CD action are not
obviously related to particle change.

(e proposed continuous-discrete coupling method can
reflect the characteristics of the hammer-soil interaction
during DCwith physical meaning and inspire further studies
of soil-structure, soil-tool, and granular-machine in-
teractions. (ese research results reveal the interaction
mechanisms of different types of hammers and coarse-
grained soils, which is expected to provide reference and
guidance for the design and construction of coarse-grained
soil foundations enhanced by DC.
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