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Abstract: Dynamic compaction is a method of ground reinforcement that uses the huge impact energy
of a free-falling hammer to compact the soil. This study presents a DC method for strengthening coral
reef foundations in the reclamation area of remote sea islands. Pilot tests were performed to obtain
the design parameters before official DC operation. The standard penetration test (SPT), shallow
plate-load test (PLT), and deformation investigation were conducted in two improvement regions (A;
and A;) with varying tamping energies. During the deformation test, the depth of the tamping crater
for the first two points’ tamping and the third full tamping was observed at two distinct sites. The
allowable ground bearing capacity at two disparate field sites was at least 360 kPa. The reinforcement
depths were 3.5 and 3.2 m in the A; and A, zones, respectively. The DC process was numerically
analyzed by the two-dimensional particle flow code, PFC2D. It indicated that the reinforcement effect
and effective reinforcement depth were consistent with the field data. The coral sand particles at the
bottom of the crater were primarily broken down in the initial stage, and the particle-crushing zone
gradually developed toward both sides of the crater. The force chain developed similarly at the three

tamping energies (800, 1500, and 2000 kJ), and the impact stress wave propagated along the sand
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updates particles primarily in the vertical direction.
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Michailides communities through long geological processes [1]. Coral backfill is typically located on
the surface of coral reefs and comprises biological debris from primary or secondary coral
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environments [2]. Coral reef sand (CRS) is a widely graded soil with a distribution ranging
from silt to gravel. The remote sea reef areas contain a large number of islands with
loose deposits dominated by coral fragments and coral reef sand, accounting for 60-80%
of the total. Using CRS as a reclamation material can effectively solve the problem of
coral reef debris dumps and alleviate the shortage of reclamation fillers [3]. CRS is a
particular type of soil with low particle hardness and high porosity and friability, making it
challenging to use as the construction ground and backfill material for road embankments
This article is an open access article ~ and airfield runways [4]. Thus, a CRS foundation cannot directly support structures or
distributed under the terms and  roads, necessitating an appropriate improvement method to strengthen it.
conditions of the Creative Commons Research interest in improving coral sand foundations has increased in recent years.
Attribution (CC BY) license (https://  Traditional foundation reinforcement techniques, such as pile driving [5], which have been

creativecommons.org/licenses/by/  successfully adopted for other types of soils, have been proven to be ineffective for CRS
40/). owing to its crushability. Depending on the engineering requirements, a variety of additives,
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including gypsum, limestone, calcite [6], Portland cement [7], and a chemical grout [8], can
be utilized to stabilize CRS. In addition, various methods of improving soil, like microbially
induced calcite precipitation (MICP) [9], which uses biomineralization processes to induce
cementation, have significant advantages in decreasing subsidence [10], mitigating liquefac-
tion [11], and reinforcing the foundation [12]. Stabilization and MICP improvement techniques
could reinforce the mechanical capacity of CRS. However, they are generally not suitable for
large built-up regions on islands and reefs owing to economic and environmental issues.

Among the aforementioned techniques, dynamic compaction (DC) is an appropriate
reinforcement technique for large-scale foundation reinforcement owing to its feasibility,
cost-effectiveness, and controllable thickness [13,14]. The DC technique involves repeatedly
impacting a ground surface with a heavy steel or concrete rammer (generally 100-300 kN)
dropped from a height of 1040 m. The enormous stress exerted by the hammer’s impact
destroys the structure of the original soil particles and decreases the void ratio of the soil,
effectively compacting the foundation. This decreases the compressibility and enhances the
bearing capacity of the foundation. As a relatively mature foundation improvement method,
it has been widely applied to sandy grounds. The DC approach was applied to reinforce the
sandy foundation by Hu et al. [15], Zhou et al. [16], and Feng et al. [17], indicating its advan-
tage for dissipating pore water pressure and strengthening deep sandy materials. Various
coupling and nonlinear problems associated with the dynamic response of the DC process
have led to the development of analytical and numerical models for demonstrating complex
soil behavior during DC. Nashaed et al. [18] determined the post-improvement density and
penetration resistance of sandy soils using energy-based numerical methods. The void ratio
of granular soil can be effectively ascertained through the utilization of the discrete element
method (DEM) in conjunction with a discontinuous deformation analysis methodology.
Cundall and Strack [19] introduced an innovative algorithm called the particle flow code
(PFC). The mechanical properties of material with granularity can be readily simulated by
the implementation of the particle flow discrete element method. Wada et al. [20] analyzed
the tampering crater on granular materials through a two-dimensional (2D) particle flow
discrete element method. Ma et al. [21] employed the particle flow discrete element method
to analyze the reinforcement effect of the gravelly soil foundation resulting from DC. Jia
et al. [22] determined the granular soil mechanism during DC using the PFC/FLAC coupled
method. Studies on the DC mechanism have mainly concentrated on terrigenous sand,
while engineering experience and theoretical guidance on the reinforcement effect of CRS
through DC remains in shortage. Thus, no matter whether from the perspective of forward-
looking construction of island and reef projects, or from the perspective of promoting the
comprehensive development of theory and technology in the field of engineering geology, it
is greatly significant to investigate the scientific treatment of coral reef detrital sediments
and the application of an engineering filler for DC.

This study comprehensively described a field investigation combined with a two-
dimensional particle flow numerical analysis (PFC2D) method to study the effectiveness
of DC on coral debris foundations in the remote sea islands. The field study consisted
of a deformation test, shallow plate load test, and standard penetration test. The depth
of a crater after each tamping pass in the two test zones after DC was measured during
the deformation tests. On the basis of the data of the shallow plate load test, the CRS
foundation’s permissible bearing capacity reinforced through DC was acquired. In addition,
the blow count was explored according to the SPT results in the investigation area, and the
depth of reinforcement for DC was determined with respect to the variation in the blow
count with depth. Numerical computations were performed to reproduce the DC process,
and the reinforcement effect of the coral sand foundation was estimated.

2. On-Site Test Position and Test Procedures
2.1. Field Zones” Description and Subsoil Condition

The project proposed in the study is situated at a remote sea island and comprises
many coral reefs, which are ideal platforms for oceanic resource exploitation. The site
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is underlain by overlying reclaimed coral sand and a primitive reef and reef limestone
formed by biological skeletons, as shown in Figure 1. The average thickness of the upper
reclamation layer was approximately 6 m, which was loose and uneven, comprising coral
sand dredged from the harbor pond. The original reef in the lower layer was undulating
with approximately 10 m thickness, and the reef-limestone layer of cemented rock lay
beneath the reef. The surface coral sand is a Holocene uncemented loose sedimentary
layer, mainly composed of coral limbs, fragments, and biological gravel. It could be termed
coral coarse-grained soil according to the national standard Geotechnical Engineering
Investigation Code [23]. The engineering mechanical property of CRS is markedly poor,
failing to meet the requirements for bearing capacity of the coral sand foundation. These
defects can lead to foundation settlement and cracking of the superstructure. In this
case, the foundation reinforcement needs to be implemented; otherwise, infrastructural
construction on the reclaimed islands and reefs cannot be performed.

Considering the large construction area to be reinforced, two test zones, A; and A;
(both at 30 m x 30 m), were sampled for particle sieving tests. According to the grading
curve (Figure 2), the CRS gradings in the two disparate areas were approximately the same,
with a coarse grain content of over 94%. The coefficient of curvature (C.) ranged from 0.43
to 1.07, and the range of values for the coefficient of uniformity (C,) were 3.84 to 16.70,
respectively. The reclaimed coral sand layer at the study site was poorly graded. For the
large area of reclaimed islands and reefs to be improved, DC was selected to treat the coral
sand grounds for economic reasons. However, pilot tests were necessary before formal
DC implementation to identify the crucial technical data. The design criterion for the
allowable ground bearing capacity and reinforcement thickness after the DC reinforcement
techniques were over 360 kPa and 3.0 m, respectively.
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Figure 1. Field site coral reef sand under dynamic compaction.
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Figure 2. Grain size distribution in the two test zones.
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2.2. DC Process on Coral Reef Sand

DC is a densification process; that is, the hammering energy produced by DC com-
pletely destroys the original structure of the soil sample and forces water and air out of the
pores of the soil particles, causing the ground to become denser through a consolidation
process. Lots of factors, including the tamper mass, fall height, tamping point sequence
pass, pass numbers, the spacing of tamping points, the interval between each pass, and the
ending rule of each tamping, can influence DC design. Owing to complex site-dependent
conditions, the abovementioned construction data are often unavailable and are generally
determined according to prior engineering experience. Therefore, field pilot tests were
performed to ascertain the main technical parameters.

The overall configuration of the tamping points for the two sites (Aj, Ap) is shown
in Figure 3. Three impact passes were conducted, and test tamping was performed to
determine the impact times. During the first pass, hammering energy was applied to the
impact points, as displayed by the solid circle. During the second pass, the heavy hammer’s
drop point position was halfway between the locations of the two adjacent tamping pits in
the first pass. Finally, During the third pass, the tamping process was carried out thoroughly
across the entire site. Table 1 lists the impact energy levels in the two DC zones. Figure 4
shows the cranes and tampers used in the pilot tests. The tamping energy applied to the
A region during the first two episodes of ramming reached 2000 kN-m per drop, which is
roughly the free fall of a 200 kN hammer from a height of 10 m. As for the third full run
of tamping, the tamping energy per drop was 800 kN-m, equivalent to an 80 kN rammer
dropped from a 10 m height. The tamping energy for A, was 1500 kN-m for each drop in
the two main tampings, with a full tamping of 600 kN-m per drop. The tamping points for
the first two tampings were set up in a square-grid design with each center located 5 m
apart. During the last full hammering, approximately one-quarter of the bottom area of the
rammer was overlapped. For the last two impacts in the test tamping, the average tamping
pit subsidence should have been less than 50 mm.

The average subsidence of the tamping pit for the last two drops in the test tamping
should have been less than 50 mm, and the ground around the crater should not have
bulged excessively. The drop numbers of the rammer were six for the first two passes and
two for the last full pass.
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Figure 3. Layout of impact points and investigation points in two test zones.
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(a) DC construction (b) crater depth measurement

Figure 4. DC site photos.

Table 1. Impact energy levels in two test zones.

Impact Energy Level (kN-m) Tamping Times
Passes of Tamping
A1 Az A1 Az
First pass 2000 1500 6 6
Second pass 2000 1500 6 6
Third pass 800 600 2 2

3. Field Test Results

To assess the tamping impact of the DC, lots of geological investigation methods have
been employed to evaluate different aspects. Figure 3 illustrates the primary design and
configuration of the investigation points. The settlement of tamping pits was monitored to
assess the hammering energy applied during each pass. Through the execution of a shallow
plate-load test, the permitted ground bearing capacity following DC implementation was
verified. Meanwhile, the SPT was also performed to assess the improvement in depth
after DC.

3.1. Ground Deformation

Ground settlement and the crater depth are the general and most direct indices of
the reinforcement effect induced by the DC, as shown in Figure 4b. The initial position
elevations were supplied with investigation points in the two testing regions. Thirty-two
elevation observation points were installed in each zone. Following every tamping pass,
the elevation of the observation points was recorded. The average aggregate settlement
of the two distinct tamping areas after DC is depicted in Figure 5. The depth of tamping
pits for the initial pass was the greatest, reaching averages of 0.224 and 0.188 m for zones
Aj and Ay, respectively. The depth increments of tamping pits for the second pass were
significantly smaller than those for the first pass owing to the original tamping energy
obtained by the first pass. The impact of compaction energy on the improvement effect
gradually waned with point tamping during DC. After the third pass, the two sites were
well-compacted, as demonstrated by the larger crater depth differences between the second
and third passes. The last full tamping was essential and significant for strengthening the
reclaimed sandy coral layer. According to the elevation measurements after the third full
tamping in those two zones, the average total subsidence for A; and A; were 0.419 and
0.379 m, respectively, denoting that the coral sand ground underwent significant settlement.
Thus, a higher tamping energy produces foundation compression more efficiently than a
lower tamping energy.
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Figure 5. Average settlement of the two tamping zones in different passes.

3.2. Shallow Plate-Load Test and Foundation Bearing Capacity

Field load testing validated the coral sand foundation’s bearing capabilities utilizing
the ultimate load method. After DC implementation, three shallow plate load tests were
performed in those two test zones, as illustrated in Figure 6. As illustrated in Figure 3,
the two shallow plate load tests (P and Pg) were conducted at the tamping points, while
the other four plate load tests (P1, P3, P4, and Ps) were performed in the middle of two
adjacent tamping points. A circular loading plate with a 0.5 m? area was applied in each
test region. The tests started from a plane 50 mm beneath the ground. A coarse sandy
layer of 10-20 mm thickness was placed underneath circular loading plates to maintain the
loading plate level, structure, and natural moisture content of the test soil. The maximum
load applied was 720 kPa, which was twice the design’s permitted bearing capability. The
load was applied to the load plate incrementally, with each stage of the load generating
settlement deformation larger than a tenth of the maximum load. When the settlement
was stabilized, within two hours, the settlement per hour was less than 0.1 mm, then
the next level of loading increment was imposed. Load-settlement curves can be utilized
to determine the bearing capacity of the coral sand foundation after DC reinforcement
according to shallow plate-load tests.

Loading beam e ,

& il gae

e

Pressure gage ]
J

Figure 6. Shallow plate-load test at the field sites.

Table 2 lists detailed test data of the shallow plate-load test, and Figure 7 displays
the load-settlement curves acquired from the shallow plate-load tests in six different test
areas. At the maximum load of 720 kPa, the settlement values of test pits Pq, P, and P3 in
the A; area were 15.86, 12.45, and 19.03 mm, respectively. The corresponding settlements
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for test pits P4, P5, and Pg in Ay were 14.9, 13.15, and 13.39 mm, respectively. In these
two testing regions, none of the six test pits exhibited significant failure during loading
to maximum loads. All the six load-settlement curves gradually decreased during the
loading process. Smaller deviations were observed among curves Py, P5, and Pg, indicating
a more homogeneous DC effect in A, than in A;. Design requirements indicate that the
characteristic value of the bearing capacity should be 50% of the value of the maximum
loading. The allowable foundation bearing capacity of all six test pits exceeded 360 kPa,
meeting the design requirement.

Load per unit area (kPa) Load per unit area (kPa)
00 90 180 270 360 450 540 630 720 0 90 180 270 360 450 540 630 720
T T T T T T 0 - T T T T
—#— P, (The impact points) -0~ P,(The impact points)
2r —&— P,(Between the impact points) 2+ < Py(The impact points)
4k |—A— P,(The impact points) “— P4(Between the impact points)
4 -
°T g
8t )
]
- 15 8 -
10 2
2
2 g ]0}:7‘-;’_
141 | ZL
164 o
14
18
A
20 16

(a) Zone A1 (b) Zone A2
Figure 7. Load-settlement curves for shallow plate-load test at the field sites.

Table 2. Test results from shallow plate-load tests.

Ultimate Load Method

Test Test . Maximum Ma)flfnum i Characteristic Value of
Zone Site Maximum Settlement Resilience Resilience Bearing Capacity
Load (kPa) Value Rate
(mm) (mm) (kPa)
Py 720 15.86 3.86 24.34% >360
Aq P, 720 12.45 3.04 24.42% >360
P3 720 19.03 3.2 16.82% >360
Py 720 14.9 2.2 14.77% >360
A; Ps 720 13.15 2.84 21.60% >360
Pe 720 13.39 2.76 20.61% >360

3.3. Standard Penetration Test (SPT) and Reinforcement Depth

The SPT is a commonly employed field investigation method for evaluating the
reinforcement depth by DC under sandy ground conditions. Each zone had three different
test pits. The SPT was performed on the basis of the Chinese National Code for the design
of a building foundation (GB50007-2011) [24]. During the test, the 63.5 kg donut hammer
was lifted to a 0.76 m position, and the standard perforator with a length of 51 cm, an outer
diameter of 5.1 cm, and an inner diameter of 3.49 cm was hit into the soil through free fall.
Theoretically, the total potential energy of the drop hammer was 0.473 kN-m. Blow counts
were directly used, considering that the SPT was performed to assess the compressibility
of the subsoil after DC in the identical test area. Figure 8 shows the blow count curves at
different depths in the two areas. The strengthening effect could be assessed by comparing
the number of blows before and after DC. In the A; area, The SPT blow number grew
to double within a depth of 3.5 m from the ground surface, demonstrating a significant
reinforcing impact, and the average blow count reached approximately 36 after DC. In
the A area, the curves also exhibited a discrepancy before and after DC until the depth
of about 3.2 m was achieved. The average blow count increased to approximately 30 at
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depths over 3.2 m. Based on the blow count data of standard penetration tests, the effective
reinforcement depths of the two test areas were 3.5 and 3.2 m, respectively. The blow
count gradually decreased with an increasing depth until the density state of the ground
soil before and after DC became homogeneous. The effective reinforcement depth was
strongly correlated with the input energy; a higher tamping energy (2000 kJ) produced a
larger effective reinforcement depth and better deep reinforcement effect on the coral reef
foundation. Furthermore, on average, the locations at the impact points (S, in A; region, Ss
in A, region) underwent a better reinforcement effect than those between the impact points
(51 and Sz in A region, S4 and Sg in A region).

Blow count of SPT/30cm Blow count of SPT/30cm

15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
0 T T T T T T T 1
E
—#— S, (before DC) B —®— §,(before DC)
—e— S, (before DC) 55+ —e— S (before DC)
—A— S,(before DC) A —A— S (before DC)
~=  8,(after DC) or —& 8,(after DO)
=& S,(after DC) 7L — ¢ Sy(after DC)
— 2= Sy(after DC) —2&= S(after DC)
<=— average value before DC 8r <= average value before DC
—< average value after DC 9 —<= average value after DC
(a) Zone A: (b) Zone A>

Figure 8. Variation in SPT blows against depth at the field sites before and after DC.

4. Numerical Study of DC Mechanism
4.1. Numerical Algorithm and Validation

PFC2D is a discrete element code for two-dimensional particle flow that uses a specific
computational method. The motions and interactions for particles with the shape of a circle
are computed in a large-deformation model, where the mechanical interactions between
the particles in contact are considered. The linear contact relationship is defined by the
contact stiffness in the tangential and radial directions between circular particles in PFC2D.
This study adopted a parallel bonding contact model; that is, a parallel bonding contact
was added. The advantage of a parallel bonding contact is that the determination method
of particle breakage is simple and it is not necessary to manually select the flexible cluster
failure criterion and sub-particle replacement mode. This can be used to characterize the
complex and irregular particles to a certain extent and can solve the problem of large
deformation [25-27]. The parallel bond contact adopted among particle elements is to bond
sub-particles into a larger flexible cluster through bonds with a certain tensile strength
and shear strength. When the surface spacing is less than 0, the parallel bonding contact
is activated. A bonding force is generated between the circular particle elements. There
are two forms of bonding force: a tensile stress and a shearing stress. When the maximum
tensile stress is greater than the preset parallel bond tensile strength, the bond will have
tensile failure; when the maximum shear stress is greater than the preset parallel bond
shear strength, the bond will have shear failure. At this time, the bond breaks, and the
flexible clusters are broken into a number of smaller sub-particles, forming a number of
cracks. Under the continuous action of external force, these cracks will be linked; the macro
performance is a certain number of broken zones. The number of cracks is monitored
through the built-in FISH language to evaluate the breakage. A particle model of a coral
sand foundation was developed according to gravitational deposition in a restricted space
by walls. The soil particles were released and suspended in the assigned space, unaffected
by gravitational forces, subsequently settling at the bottom of the container upon activation
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of gravity (with a gravitational acceleration of 9.8 m/s? as per this study). Figure 9 shows
the two-dimensional particle model of the coral sand foundation produced through gravity
deposition. The calculation accuracy and calculation rate must be considered when using
PFC2D for model test analysis. If the initial gradation is employed directly, the particle
number will be large, and the calculation efficiency will be relatively low. Thus, the step-by-
step method of equal-mass replacement of the finest particles was used to correct the initial
gradation, and the final grain set used for modeling was obtained, as shown in Table 3.

H=12m

! I=10m !

Figure 9. Two-dimensional particle model of coral sand foundation.

Table 3. Grain set used in the numerical simulation.

Grain Size (mm) >60 40~60 20~40 10~20 5~10 1~5 0.5~1.0 0~0.5
Content (%) 3.95 3.41 6.7 5.93 5.07 24.99 27.93 22.02

In the PFC2D program, a flexible cluster was used to simulate the coral sand, and a
hammer model was formed using clump blocks combined with three ball elements with
a 1 m radius. The hammer was set above the centerline of the model, which fell freely
under the action of gravity, and its height was controlled to achieve different ramming
energies. The hammer was deleted after each tamping was completed, and the model was
self-balanced for a period to ensure the rebound time of the foundation. Monitoring points
were set up at each depth to monitor the vertical displacement of the soil. Considering the
influence of the tamping energy, hammer diameter, and particle size on the impact range
and numerical calculation efficiency of DC, the model adopted a wall with a 12 m height
and 10 m width to simulate the boundary of the numerical model. With both ball-to-ball and
ball-to-wall contacts, the shear and normal stiffness (ks, k) exhibited identical magnitudes.
Table 4 lists the initial value of the microscopic variables used in the numerical calculations.

The numerical simulation of DC using PFC2D at a single point multiple times at
800, 1500, and 2000 k] tamping energies was carried out to exhibit the development of
crater settlement and breakage of coral reef sand. The results of the numerical calculation
were contrasted with the data from the field investigation to verify the credibility of the
numerical model. The proposed numerical methodology was employed to simulate the
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initial six drops of the point tamping process during the first pass. The parameters in the
numerical simulation were consistent with the field construction parameters. Figure 10
shows the comparative results of the average crater depth of each drop of tamping during
the first pass. The crater settlement differences at the last drop for 2000 and 1500 k] were
2.1 and 1.5 cm, respectively. There was only a slight discrepancy observed between the
investigation data and the results of simulation, indicating that the numerical simulation
results were credible and highly reliable.

0
75 -
Bl
2
E-10f
g
2
§ 715 -
5
=
— |®]
—=— Monitoring data —20 | -|—=— Monitoring data
—e— Simulation results —e— Simulation results
1 1 1 1 1 725 1 1 1 1 1 [
1 2 3 4 5 6 0 1 2 3 4 5 6
Nunmber of drops Nunmber of drops
(a) 1500 kJ (b) 2000 k]

Figure 10. Comparison between numerical results and field data.

Table 4. Initial microscopic parameters of coral sand.

Density/p (kg/m3) 2730
Maximum porosity ratio/emax 1.84
Minimum porosity ratio/emin 0.88
Elongation index/EI 0.2-0.8
Effective modulus/E* (kPa) 7.5 x 100
Stiffness ratio/k* 15
Frictional coefficient/ p 0.65
Normal stiffness of parallel bond/ kn (KN-m—3) 8 x 10°
Tangential stiffness of parallel bond/ ks (kN-m*3) 2 x 10°
Parallel bond tensile strength /¢ (kPa) 5% 103
Parallel bond cohesion /¢ (kPa) 1 x 103
Internal friction angle of parallel bonding/¢ (°) 32

4.2. Numerical Analysis of Crater Settlement

In the numerical model, seven monitoring points were arranged at different depths
below the centerline to monitor the crater settlement after six drops of tamping. Figure 11
shows the crater settlement curves for different tamping energies (800, 1500, and 2000 kJ).
The deformation curves oscillated significantly under the three input energies and could
be divided into three main stages: tamping settlement, resilient deformation, and soil
equilibrium. After each drop of tamping, the coral sand foundation experienced resilient
deformation, and the compaction of the foundation soil, plastic deformation, and an
increase in soil density were all caused by the tamping energy. The first drop of tamping
was extraordinary, producing a significantly larger crater depth than the other five drops;
however, the individual settlement in the second drop appeared to be larger at a low input
energy (800 kJ). This may have been because the coral sand in the first drop of tamping
was partially broken when the energy was low (800 kJ), and it developed significant
crushability and subsidence in the second tamping. With the increase in the tamping
drops, the stiffer the foundation soil, the smaller the subsidence deformation and lager the
rebound deformation. This trend became more pronounced as the depth increased.
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Figure 11. Settlement curves of three tamping energies.
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(c) 2000 kJ

The vertical deformation response to the tamping energy varied at different depths.
The surface subsidence was the largest and gradually decreased until it disappeared as
the stress wave generated by the tamping energy propagated along the depth and was
constantly attenuated. Furthermore, when the soil was compacted to its maximum possible
density under the applied tamping energy, the rigid soil in the reinforced zone did not
absorb the tamping energy but rather transmitted it. Moreover, most of the energy was
consumed during the damping or shear deformation of the reinforced soil. This implies
that additional drops of tamping would no longer produce compaction; thus, no further
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improvement would be achieved. When the soil depth reached 3 m, the crater settlements
at 800, 1500, and 2000 kJ tamping energies were only 0.50, 0.55, and 0.65 cm, respectively.
The effective reinforcement depths under the three tamping energies were generally within
the range of 3.0 m underground, which is consistent with the SPT data.

Figure 12 shows the displacement vector diagram of the coral sand foundation after
tamping at different energies. The coral sand particles splashed around the tamping pit
when the tamping energy was large (2000 kJ), and a certain degree of uplift on both sides
of the crater was observed. This was because the coral sand on both sides was squeezed
by the sand in the central reinforced area, resulting in an uplift caused by shear failure.
The higher the tamping energy, the more noticeable the bulge. The displacement below
the crater exhibited a radioactive distribution centered on the tamping point. The zone
affected by tamping was primarily vertical, and the horizontal extension was subordinate.
The settlement immediately below the rammer was the largest. The vertical deformation
was smaller at a distance from the tamping center.

(2) 800 kJ
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Figure 12. Displacement vector of coral foundation after tamping under different energy levels.

4.3. Numerical Analysis of Particle Breakage

Coral sand, a crushable granular material, produces large amounts of particle breakage
at DC power. Therefore, investigating the development and evolution of particle breakage
during DC is crucial. The number of cracks is monitored through the built-in FISH language
to evaluate the breakage of the CRS. Figure 13 shows a cloud image of the particle breakage
distribution under different hammering energies. At the end of tamping, the CRS particles
were obviously broken, mainly by shear failure, indicating that the external force on the
coral sand particles at this time was much greater than the parallel bond shear strength.
With the increase in tamping energy d, the more thoroughly the coral sand was broken, the
more cracks were significantly increased; the numbers of cracks under the three tamping
energies were 540, 759, and 835, respectively. Under the tamping impact, the particle crush-
ing zone was initially distributed below the ramming point, and it gradually developed
toward both sides of the crater as the ramming number increased. The compaction energy
also significantly influenced the particle breakage, primarily reflected in the depth and
breadth of the coral sand ground. The particle crushing under 2000 k] compaction was
the highest; that is, the number of particles crushed after DC was the largest, with a wider
impact range. Based on the coordinate data of the fracture zone, the depth at which the
coral sand particles were broken under a 2000 k] tamping energy was primarily distributed
at approximately 3 m at the bottom of the crater.
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Figure 13. Development of particle breakage after tamping under different energy levels.

Particle overlap occurred among the coral sands under impact loading, and contact
stress was generated. The numerical results revealed that the force chain development
was relatively similar for all three hammering energies. Figure 14 shows that the force
chains were tree-shaped and developed toward the ground depth. The thicknesses of the
lines represent the contact stress between the particles. The force chains were primarily
concentrated immediately below the tamping point, and the amount of vertical force chains
started to increase, gradually thickened, and developed toward both sides as the ramming
energy increased. This indicates that the dynamic stress squeezed the soil on both sides,
forming a strong chain under the tamping crater and a weak force chain on both sides. The
impact stress wave primarily propagated vertically along the sand particles, and the vertical
dynamic stress was significantly higher than the horizontal dynamic stress. The pores of
the soil below the tamping point decreased with closer contact, and vertical compression
dominated. The particle contact force chains increased and developed deeply toward the
ground with increased tamping energy until the damping of the soil completely expanded
the dynamic stress.
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Figure 14. Cloud chart of force chain after tamping under different working conditions.

5. Conclusions

This study performed a series of field tests combined with the two-dimensional
particle flow discrete element method to investigate the whole process of coral sand ground
compacted by DC and demonstrated the reinforcement effect. The conclusions obtained
are given below:

(1) Inboth reinforced regions (A; and Ay), the first drop in impact during the three passes
(first two tamping points and last full tamping) produced the largest crater settlement,
and the crater settlement gradually increased. Full tamping was necessary for the
final tamping; the coral sand was well strengthened, and the average total settlements
for A; and Ap were 0.379 and 0.419 m, respectively.
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(2) After ground treatment by DC, the allowable ground bearing capacity in both re-
inforced regions was at least 360 kPa, satisfying the design requirements. The DC
method proved to be valid for dealing with reclaimed coral sand.

(3) The SPT field data indicated that the DC reinforcement depths at A; and A, were
3.5 and 3.2 m, respectively. The improvement at the impact points was commonly
superior to that in the regions between the impact points in the two testing regions.
Appropriate spacing of the impact points was necessary to guarantee a uniform
strengthening effect in the construction areas.

(4) The DC process for coral sand grounds was reproduced using the particle flow
discrete element method. The reinforcement effect and effective reinforced depth
were numerically analyzed. The numerical results were consistent with the field
investigation data. The fragmentation zone of coral sand caused by DC was primarily
distributed immediately below the crater and gradually developed on both sides of
the crater with increasing compaction time. The particle force chains after tamping
were strong chains in the vertical direction of the crater and weak chains on both
sides. This indicates that the particles directly below the ramming point were broken
more thoroughly, and the contact between the particles was closer. The dynamic stress
wave from the DC energy propagated primarily in the vertical direction.

The scientific results of this research serve as a relevant reference for further study on
the DC mechanism involving CRS as a foundation for structures.
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