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Abstract: There are currently at least five aircraft runways built on the reclaimed coral sand foun-
dations in the South China Sea (SCS). The seismic dynamics and stability of the revetment breakwa-
ters and nearby aircraft runways built on reclaimed lands with coral sand in the SCS deserve atten-
tion. Taking the reclamation engineering in the SCS as the background, this study performed several
centrifuge shaking table tests (N =50 g) to explore the seismic dynamics and stability of a revetment
breakwater and a nearby aircraft runway built on a reclaimed coral sand foundation. It is revealed
that the revetment breakwater, aircraft runway, and their coral sand foundation have intensively
responded to the excitation of seismic waves. The pore water pressure accumulates in the coral sand
foundation; however, the accumulation amplitude is not significant. As a result, only soil softening,
rather than liquefaction, has occurred in the coral sand foundation. The final residual subsidence of
the revetment breakwater and aircraft runways are both about 0.5 mm, indicating that they are fi-
nally in a stable state. Through comparative study, it is found that the pore water pressure in the
loose coral sand foundation is much easier to accumulate, and the corresponding acceleration am-
plification effect is also more significant. It means that a loose coral sand foundation is more detri-
mental to the seismic stability of the revetment breakwaters and airport runways.

Keywords: South China Sea; coral sand foundation; coral reef; aircraft runway; centrifuge shaking
table test; seismic dynamics; revetment breakwater

1. Introduction

To perform marine observation, scientific research, marine rescue, safe navigation,
and rational exploitation of marine resources, an aircraft runway with a length of 1150 m
was first successfully constructed on Taiping Island in December 2007, which was a nat-
ural coral reef island in the South China Sea (SCS). In addition, China has built a series of
lands on the top of some natural coral reefs in the SCS by the way of reclamation since
2013, and several aircraft runways have been built on them. As the area of these reclaimed
lands was quite limited, these runways were usually built right at the edge zone of these
reclaimed lands, and close to the protective revetment breakwater in the SCS.

For the revetment breakwater and other types of structures built on the islands of
coral reefs, the environmental loads mainly include ocean waves and earthquakes. On the
wave-induced dynamics and stability of revetment breakwaters in the SCS, some physical
model tests (Ye et al. [1], He et al. [2,3], Zhang et al. [4]) and numerical analyses (Guo [5])
have been conducted in recent years. However, there is still very little research on the
seismic dynamics and stability of the revetment breakwaters and other structures built on
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the coral reef in the SCS. United States Geological Survey (USGS) [6], Zhou and Adams
[7] pointed out that the potential of strong earthquakes was great in the SCS. Furthermore,
the results of Sun et al. [8] showed that a strong earthquake and great tsunami event oc-
curred in the sea area around Xisha Island in the SCS around 1024 AD. Previous studies
(Memos and Protonotarios [9], Iai and Kameoka [10], Hamada et al. [11], Sumer et al. [12])
have shown that once an earthquake occurs near engineering sites, marine structures may
be damaged due to the foundation instability. Seismic loading brings a great threat to the
safety and stability of the revetment breakwaters and their nearby runways built on these
reclaimed coral sand foundations in the SCS. Therefore, it is of great engineering im-
portance to study the seismic dynamics of the revetment breakwater and its runway in
the SCS.

The coral reef is typically an isolated and high-rise terrain (1-3 km in height and 20-
30 degrees of slope) in the marine environment. Many scholars have conducted deep stud-
ies on the seismic dynamics of isolated terrains, including numerical analysis (Li [13], Hao
and Zhang [14], Bao et al. [15], Liu et al. [16]) and experimental studies (Yu et al. [17],
Wang and Zhang [18], Hu et al. [19], Wu et al. [20]). Their results all confirmed that an
isolated and high-rise terrain must have a significant amplification effect on seismic accel-
eration. The results of Li [13] showed that the peak acceleration at the top of a natural coral
reef is 13 times that of the incident seismic wave at the bottom. Due to the significant
amplification effect of the isolated and high-rise terrain of coral reefs on seismic waves,
even an incident of weak seismic activity may be a great hazard to the safety of the revet-
ment breakwaters, nearby runways, and their reclaimed coral sand foundation on the top
of the coral reefs in the SCS.

A series of previous works have been conducted on the seismic stability of offshore
breakwaters. Chaudhary and Hazarika [21] and Ozaki and Nagao [22] investigated the
seismic stability of a caisson-type breakwater using physical model tests; Chen and Huang
[23], Basu et al. [24], and Ye and Wang [25] studied the seismic dynamic response of a
concrete breakwater adopting numerical modeling. Some scholars further carried out par-
ametric studies to explore the effects of seismic frequency [26], the cross-section shape of
breakwater [27,28], and the stiffness of seabed foundation [29,30] on the seismic dynamics
of breakwaters. However, the previous works were mainly focused on the seismic dynam-
ics of breakwaters built on quartz sand or silt soil foundation, and less research has been
conducted on the seismic dynamics of the structures built on a coral sand foundation.
Since the physical and mechanical properties of coral sand are different from those of ter-
restrial quartz sands, further research work is needed to explore the seismic dynamics and
stability of the structures built on the coral sand foundation in the SCS.

In this study, the centrifuge shaking table test is utilized to investigate the seismic
dynamics and stability of the revetment breakwater and a nearby aircraft runway built on
a reclaimed coral sand foundation in SCS. The centrifugal acceleration is set as N =50 g,
and the similarity scale is set as 1:50 correspondingly. The excitation seismic wave is ob-
tained by equally scaling the acceleration time history recorded at Wolong station in the
2008 Wenchuan great earthquake. The effects of the compactness of the coral sand foun-
dation and the intensity of seismic waves are explored by performing some comparative
tests. The experimental results presented in this study could provide valuable references
for the seismic design of the breakwaters and structures in the SCS.

2. Physical Model and Excitation of Seismic Waves

The geotechnical centrifuge used in the test is shown in Figure 1 (Model is TK-C500).
It has an effective capacity of 500 g-t, with a maximum centrifugal acceleration of 250 g
and a maximum rotation radius of 5 m. The shaking table can simultaneously output the
horizontal and vertical excitations with a peak exciting acceleration of 40 g horizontally
and 20 g vertically, and the exciting frequency scope is 20 to 200 Hz. The model box used
in the test is a stacked laminar shear box with an internal dimension of 350 mm x 800 mm
x 400 mm, which can weaken the reflection of seismic waves on the lateral boundaries.
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The centrifugal acceleration in the test is set as 50 g. Accordingly, the similarity ratio of
the physical model is 1:50.

Figure 1. A real view of the geotechnical centrifuge TK-C500 utilized in the test.

The physical model consists of a revetment breakwater, an aircraft runway, and their
coral sand foundation, in which the breakwater is composed of a near S-shaped revetment
and a caisson. The schematic map of the physical model is illustrated in Figure 2. Consid-
ering the effect of water, the water depth is set to 50 mm in the test.
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Figure 2. Schematic map of the physical model and the dimensions at model scale (Unit: mm).

In practical engineering, the revetment breakwater and runway are both built with
reinforced concrete, and the overall density is about p = 2500 kg/m?. In the physical
model, aluminum alloy material (p = 2800 kg/m?) is used to simulate the breakwater and
runway. To make the overall density of the breakwater and runway meet the requirement
of similarity with the prototype model, the breakwater and runway are partially hollowed
out during the model preparation, ensuring that the overall density of the breakwater and
runway is close to that of concrete. Additionally, the bottom of the breakwater and
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runway are roughened to simulate the friction between them and their foundation be-
neath the coral sand.

The coral sand foundation is prepared with the original coral sand sampled from the
engineering sites in the South China Sea. To ensure the responding law of the seepage and
pore pressure in the physical model is similar to that in the engineering prototype, the
original coral sand needs to be screened and re-proportioned (note: the soil particles are
not crushed), and the content of fine particles is increased in the proportioning process to
form the sand utilized in the test. The grain gradation curves of the original coral sand
and the re-proportioned sand are shown in Figure 3. Since the particle sizes in the physical
model do not satisfy the similarity ratio 1:50 with that in the prototype model at engineer-
ing in-sites, the stiffness of the coral sand foundation in the physical model should be
much greater than that in the prototype model. This is an inevitable scale effect in this
study. Furthermore, a hydroxypropyl methylcellulose (HPMC) solution with a viscosity
coefficient 50 times that of water at the test temperature before testing is prepared as the
pore fluid used in the test.
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=
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109 10! 10-2 103
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Figure 3. Grain size gradation of the original coral sand and the re-proportioned sand.

The arrangement of sensors in the physical model is shown in Figure 4. Eight three-
directional acceleration sensors are buried in the coral sand foundation, of which A0 is
placed at the bottom of the model box for recording and calibrating the incident seismic
waves. Nine pore pressure sensors are installed in the coral sand foundation, layer by
layer. Eight displacement sensors (including LVDT and laser displacement meter) are in-
stalled to record the horizontal and vertical displacement responding of the breakwater
and runway, respectively. In the test, to ensure the density and uniformity of the founda-
tion, the coral sand foundation is prepared by the layered compaction method, and each
layer is compacted to only 120% of the predetermined height. Through several tests, it is
found that the designed layer thickness can be achieved by leaving 20% extra thickness
for each layer of the coral sand after settling in the 50 g centrifugal gravity field. Sensors
are installed at designed locations as that in Figure 4. After model preparation, the HPMC
solution is poured into the stacked laminar box, and then the physical model is saturated
in the 50 g centrifugal gravity field for half an hour. The completed physical model is
shown in Figure 5.



J. Mar. Sci. Eng. 2023, 11, 41

5 of 19

w4 Acccleration sensor

e Pore pressure sensor

=1 Displacement sensor

A2 g. . ; Coral sa'md
P4 Sl = foundation
| ; 124.0 A0

Figure 5. A real view of the completed physical model.

Since the first seismic station in the SCS was built after 2015, there has been no strong
earthquake recorded since its completion. In this test, the acceleration time history of the
original seismic wave recorded at Wolong station, which is about 100 km away from the
epicenter of the 2008 Wenchuan great earthquake, is selected as the excitation seismic
wave after multiplying by a coefficient of 0.7. The peak acceleration of the excitation seis-
mic wave is 6.702 m/s? in the horizontal, and 3.7925 m/s? in the vertical; it is, in fact, a
strong seismic wave.

According to the convention of the centrifuge shaking table test, before the formal
test begins, a temporary model with the same mass as the physical model is prepared and
installed on the centrifuge shaking table, to commission and ensure that the output wave-
form of the shaking table can be as close to the target waveform as possible. The compar-
ison of the input and output seismic waveforms of the centrifuge shaking table is shown
in Figure 6, and the comparison of the frequency distribution is shown in Figure 7. It can
be seen that the waveforms of the input and output seismic waves are basically consistent,
while the peak acceleration of the output seismic waves is relatively small. The frequen-
cies of the input and output seismic waves are both mainly distributed in the range of 0—
10 Hz. After several times of commissioning, it is found that the output seismic wave of
the shaking table can meet the test requirements. Finally, the waveform recorded by the
acceleration sensor AQ installed at the bottom of the model box is used as the excitation
seismic wave for the subsequent analysis of the test results.
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Figure 6. Comparison of the input and output seismic waveforms of centrifuge shaking table. (a)
Horizontal. (b) Vertical.
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Figure 7. Comparison of the frequency distribution of the input and output seismic waves of cen-
trifuge shaking table.

In this study, three tests are conducted, and the test conditions are listed in Table 1.
The physical model will be recreated for each test. Test 1 is used as the typical case to
analyze the seismic dynamic responding and the stability of the revetment breakwater,
aircraft runway, and their coral sand foundation built on the coral reefs in the SCS. Test 2
and Test 3 are two comparative cases to study the influences of the compactness of coral
sand foundation, and the intensity of seismic wave. The waveform of the excitation seis-
mic wave in Test 3 is exactly the same as that in Test 1. However, the acceleration value at
any moment is obtained by equally scaling the acceleration time history in Test 1.
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Table 1. Dry density of the coral sand foundation and peak acceleration in the test.

TestNo.  Dry Density (kg/m?) Seis{?}i,; Z\/ave PGA of (S;i/ssrzr)lic Wave
Test 1 1550 Wenchuan x 0.7 6.12
Test 2 1400 Wenchuan x 0.7 6.12
Test 3 1550 Wenchuan x 0.37 3.23

3. Analysis of Test Results
3.1. Dynamic Responding of Displacement

Figure 8 shows the time histories of the displacement of the runway, caisson, and
revetment. This study stipulates that the horizontal displacement is positive if it is toward
the seaside (right side), and the vertical displacement is positive if it is upward. It is shown
that the horizontal displacement of the runway (recorded by D6) has a significant oscilla-
tion of about 3.5 mm, but there is no residual displacement. The vertical residual settle-
ment (recorded by D2) of the runway is approximately —-0.4 mm. Similarly, neither the
caisson nor the revetment has residual displacement in horizontal, but they both have a
greater amplitude (about 6 mm) of displacement oscillation. The vertical residual settle-
ments of the caisson (recorded by D4), and the revetment (recorded by D5) are about -0.5
mm and -0.6 mm, respectively. As shown in Figure 8, when the incident seismic acceler-
ation reaches its peak value (about at 16 s, 32 s, and 38 s, respectively), the oscillation
amplitude of the runway and breakwater is correspondingly significant, and the develop-
ment rate of the residual displacement is also fast. Overall, under the excitation of this
strong seismic wave, the final residual displacement of the revetment breakwater and
runway is small in magnitude. Both the revetment breakwater and runway built on the
coral sand foundation are completely in a repairable state. It is indicated that the seismic
performance of the breakwater and runway is good.
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Figure 8. Dynamic responding of displacement of the revetment breakwater and runway. (a) Run-
way. (b) Caisson. (c) Revetment.

3.2. Dynamic Responding of Acceleration

The dynamic responding of horizontal and vertical acceleration at typical positions
in the coral sand foundation is illustrated in Figure 9, where the acceleration sensor A0 is
installed at the bottom of the model box, A1 and A2 are 40 mm, 100 mm away from the
bottom of the model box, respectively. It is found that the responding intensity to the seis-
mic wave within the coral sand foundation is positively correlated with the elevation it
locates. The peak horizontal acceleration from AQ to Al, and A2 are 6.12 m/s?, 8.99 m/s?,
and 11.23 m/s?, respectively, with an amplification factor of 1.84. In the vertical direction,
the peak acceleration from AQ to Al, and A2 are 1.96 m/s?, 10.40 m/s? and 11.33 m/s?,
respectively, with an amplification factor of 5.78. It is implied that the amplification effect
of the coral sand foundation on seismic acceleration is exceptionally obvious, and the am-
plification effect on the vertical acceleration is quite intense.
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Figure 9. Dynamic responding of acceleration at typical positions A0, Al, and A2. (a) Horizontal.
(b) Vertical.

Figure 10 shows the horizontal acceleration dynamic responding of the revetment
breakwater and runway. It is seen that the peak acceleration responding at A4 on top of
the caisson reaches 18.74 m/s?, and the peak acceleration responding at A6 on the runway
is 10.43 m/s?, showing a significant amplification effect compared with the peak accelera-
tion of the input seismic wave of 6.12 m/s2.
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Figure 10. Dynamic responding of horizontal acceleration of the revetment breakwater and runway.
(a) Revetment breakwater. (b) Runway.

3.3. Dynamic Responding of Pore Pressure

Figure 11 shows the dynamic response of pore pressure at typical positions P1 to P8
within the coral sand foundation. Under the action of the strong earthquake, the pore
pressure accumulates in the coral sand foundation, and the maximum residual pore pres-
sure reaches 7 kPa. As shown in Figure 11a, the oscillation amplitude of pore pressure at
P1 is great, but there is no accumulation of pore pressure. The reason for this is that the
overlying coral sand of P1 is relatively thin, and the drainage path is short. As a result, the
pore pressure at P1 dissipates very quickly and is difficult to accumulate. It is demon-
strated by Figure 11b that there are two negative values of the pore pressure at P6 at 15 s
and 35 s, which means the pore pressure here is less than its initial hydrostatic value. The
possible reason for this is that the coral sand beneath the revetment breakwater is in a
state of shear dilatation when the seismic acceleration is strong, and the volumetric dila-
tation leads to a significant drop in pore pressure. P8 is also located in the region where
shear deformation occurs beneath the breakwater, and a similar phenomenon also occurs.
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Figure 11. Dynamic responding of pore pressure at P1 to P8 in the coral sand foundation. (a) P1 to
P5. (b) P6 to P8.

To further evaluate whether the liquefaction occurs or not within the coral sand foun-
dation, the initial effective stress field of the physical model needs to be estimated. In this
study, the numerical simulation software FssiCAS is utilized to estimate the initial effec-
tive stress within the physical model under the 50 g gravity environment. FssiCAS is a
powerful FEM software in the fields of marine geotechnics and marine engineering geol-
ogy, available at https://www.fssi.ac.cn/download.html (accessed on 25 October 2022).
The established finite element model and mesh discretization (hexahedron element) are
illustrated in Figure 12a, where the total number of finite element elements is about
200,000. The boundary conditions applied are as follows: (1) The bottom of the model is
fixed for displacements in x, y, and z directions, and the four lateral faces are fixed in
horizontal. (2) The hydrostatic pressure of 50pgh (& is the distance from a point on the
surface of the coral sand foundation to the static water level (SWL)) is applied to the sur-
face of the coral sand foundation and revetment and ensuring that the effective stress on
the surface of the coral sand foundation is zero. Since the simulation here is only to esti-
mate the initial effective stress, the elastic constitutive model is adopted for the coral sand
foundation, breakwater and runway. The vertical effective stress distribution is shown in
Figure 12b.
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Figure 12. Finite element mesh discretization and initial vertical effective stress distribution. (a) Fi-
nite element mesh. (b) Vertical effective stress.

The excess pore pressure ratio is defined as 7, = P./d,,, where B. is excess pore
pressure, and oy, is initial vertical effective stress. The coral sand can be considered lig-
uefied when 7, > 0.8 [31]. The excess pore pressure ratio r, at P1 to P8 is determined
according to experimental and numerical results, as listed in Table 2. It is judged that no
liquefaction or significant softening behavior occurs in the coral sand foundation, since
the maximum 7, is only 0.12. This is the fundamental reason why the revetment break-
water and runway built on the coral sand foundation have good seismic stability.

Table 2. Excess pore pressure ratio at P1 to P8 in Test 1.

Pore Pressure Vertical Effective Residual Pore Residual Pore
Sensor Stress o,, (kPa) Pressure Pressure Ratio ru
P1 37.0 0 0.00
P2 60.9 5.0 0.08
P3 82 2.5 0.03
P4 92.2 7.0 0.08
P5 92.6 3.0 0.03
P6 41.5 5.0 0.12
P7 36.2 0.5 0.01
P8 63.6 6.0 0.09

4. Analysis of Influencing Factors
4.1. Effect of the Relative Density of the Coral Sand Foundation

During the reclaiming process at engineering sites in the SCS, the relative density of
the coral sand foundation at the shallow depth cannot be uniformly distributed. The effect
of the relative densities of the coral sand on the seismic dynamics of the breakwater and
aircraft runway is investigated by comparing the results of Test 1 and Test 2.

4.1.1. Dynamic Responding of Displacement

The comparisons of the displacement responding at typical positions in Test 1 and
Test 2 are shown in Figure 13. It can be seen that the general trends of the displacement
responding of the runway and breakwater are basically the same in the two tests. The
maximum vertical settlement in Test 2 is greater than that in Test 1. The residual settle-
ment of the runway in Test 2 is approximately 1 mm, which is almost 2.5 times that in Test
1. The residual settlement of the breakwater in Test 2 is about twice as much as that in
Test 1. By comparison, it is found that the seismic-induced displacement of the revetment
breakwater and nearby runway built on the less compacted coral sand foundation is
greater, and the structural stability would become worse.



J. Mar. Sci. Eng. 2023, 11, 41

13 of 19

Displacement-x (mm)

Displacement-z (mm)

o

T T T D6 \é 8
\ D2 =
S 0!
A " m s
Al
3
D6 —Test1 ——Test 2 = —Test1 —Test 2
1 1 I 1 L L L »%-8 1 1 I L 1 L 1
0 20 40 60 80 100 120 140 160 2 0 20 40 60 80 100 120 140 160
T T T T g 2 T T T T
D2 —Test 1 — Test 2 g D4 —Test1 — Test 2
g
LU L e e iy iy £ 0 A .
L O AN e P g AN o !
ey ‘ o : e E Wy o ‘
I I 1 L I L I ,%_2 I I I 1 L L L
0 20 40 60 80 100 120 140 160 2 o 20 40 60 80 100 120 140 160
Time (s) Time (s)
(a) (b)
=
5 8 T
& ps >3
E j
g0 i i il G
E D8 ——Test1 ——Test2
j=5
2 g I 1 1 I I 1 L
A o 20 40 60 80 100 120 140 160
E 1 : : ; ,
el D5 —Test1—Test2
5 T M .
E WA ANV A AW
g -1 VAt bl FRNRVTUR ¥) " o . A Mmool
[
.
.2 9 I L 1 | | ! L
Ao 20 40 60 80 100 120 140 160
Time (s)
(0)

Figure 13. Comparisons of displacement responding at typical positions in Test 1 and Test 2. (a)
Runway. (b) Caisson. (c) Revetment.

4.1.2. Dynamic Responding of Acceleration

The relationship between the amplification factor to the horizontal peak acceleration
and the elevation at typical positions in Test 1 and Test 2 is shown in Figure 14. It can be
seen that the amplification factor of horizontal acceleration is positively correlated with
the elevation it locates, regardless of whether the coral sand foundation is in a dense or
less dense state. However, the amplification factors in Test 2 are slightly greater than that
in Test 1. In Test 2, the peak seismic acceleration recorded at A4 on the caisson is approx-
imately 19 m/s? with an amplification factor of 3.11. The test results show that the density
of the coral sand foundation has an important impact on the seismic amplification effect,
and the amplification effect on seismic waves is more significant in a less dense coral sand
foundation.
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Figure 14. Distribution of the amplification factor of seismic acceleration along the model height in
Test 1 and Test 2 (only in horizontal).

4.1.3. Dynamic Responding of Pore Pressure

The time histories of pore pressure at typical positions in Test 1 and Test 2 are shown
in Figure 15. It can be seen that the accumulation rate of pore pressure is faster and the
accumulated amplitude is greater in Test 2. The excess pore pressure at P4 in Test 2 can
approximately reach 15.5 kPa, which is 2.2 times greater than that in Test 1. It is indicated
that the accumulation of excess pore pressure, reduction of effective stress, and softening
or even liquefaction is more likely to occur in less dense coral sand foundation. In addi-
tion, it can also be seen in Figure 15 that the pore pressure responding characteristics in
Test 1 and Test 2 are basically the same, especially at P6, where both Test 1 and Test 2
capture the negative value of the accumulated excess pore pressure. The generality of
the phenomenon, the good reproducibility of the test, and the good reliability of the test
results are indicated.
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Figure 15. Time histories of pore pressure at typical positions in Test 1 and Test 2.

To further evaluate the potential of liquefaction in the less dense coral sand founda-
tion, the same numerical software FssiCAS is used to estimate the initial vertical effective
stresses of the physical model in Test 2. The excess pore pressures and initial vertical ef-
fective stresses at P1 to P8 are listed in Table 3, which are estimated according to the ex-
perimental results in Test 2 and the numerical results of FssiCAS, respectively. It is known
that the maximum excess pore pressure ratio in Test 2 is 0.22. Based on this result, it is
judged that no liquefaction occurs in the coral sand foundation. However, the cyclic load-
ing-induced softening behavior of the sandy soil has become more pronounced compared
to that in Test 1. This is the direct cause of the greater residual displacement of the revet-
ment breakwater and runway in Test 2.
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Table 3. Excess pore pressure ratio at P1 to P8 in Test 2.

Pore Pressure Vertical Effective Residual Pore Residual Pore
Sensor Stress o,, (kPa) Pressure Pressure Ratio ru
P1 37.0 35 0.09
P2 58.5 8.5 0.15
P3 774 8.0 0.10
P4 87.6 15.5 0.18
P5 86.9 15.0 0.17
P6 41.6 9.0 0.22
P7 39.7 6.5 0.16
P8 64.7 8.0 0.12

4.2. Effect of the Intensity of Seismic Wave

The peak acceleration of the input seismic wave in Test 1 and Test 3 are 6.12 m/s? and
3.23 m/s?, respectively. The effect of the intensity of seismic waves can be explored by
comparing the results of Test 1 and Test 3.

4.2.1. Dynamic Responding of Displacement

The comparisons of the displacement responding at typical positions in Test 1 and
Test 2 are illustrated in Figure 16. It can be seen that the general trends of the displacement
responses of the aircraft runway and breakwater in Test 1 and Test 3 are basically con-
sistent. However, the amplitude of displacement oscillations for the runway and break-
water in Test 3 is smaller than that in Test 1. It can also be seen in Figure 16b, c that the
residual settlement of the breakwater in Test 3 is approximately 50% of that in Test 1. This
shows that seismic intensity directly affects the stability of the breakwater and runway.
When performing seismic design, the selection of an appropriate fortified seismic inten-
sity level is crucial to guarantee the stability of the structures.
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Figure 16. Comparisons of displacement responding at typical positions in Test 1 and Test 3. (a)
Runway. (b) Caisson. (c) Revetment.
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4.2.2. Dynamic Responding of Pore Pressure

Figure 17 shows the comparison of the pore pressure responding at typical positions
in the coral sand foundation in Test 1 and Test 3. It can be seen that the pore pressure
responding patterns in Test 1 and Test 3 are also basically consistent, and the accumulated
magnitudes of excess pore pressure are basically the same. The above results show that
the seismic intensity does not strongly affect the pore pressure inside the coral sand foun-
dation, while it has a more significant effect on the displacement of the revetment break-
water and runway.
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Figure 17. Comparison of pore pressure responding in the coral sand foundation in Test 1 and Test
3.

5. Conclusions

In this study, three groups of centrifuge shaking table tests were performed, to com-
prehensively explore the seismic dynamics of a revetment breakwater, nearby aircraft
runways, and their reclaimed coral sand foundation. According to the physical model test
results, the following observations are obtained:
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(1) Under strong seismic loading, the final residual subsidence of the revetment break-
water and aircraft runway both are 0.5 mm. The peak residual pore water pressure
in the coral sand foundation is up to 7 kPa, and the corresponding maximum excess
pore pressure ratio is only 0.12, indicating that no liquefaction occurs in the coral
sand foundation. Overall, the revetment breakwater and runways are in a repairable
state after the attack of the strong seismic wave, and they show a good seismic re-
sistance performance.

(2) The coral sand foundation has a significant amplification effect on seismic waves.
Additionally, the acceleration amplification at the top of the caisson can reach 5.78
times the base value.

(3) The comparative study shows that the amplification effect on seismic waves is more
significant, and the pore water pressure accumulates more rapidly with much greater
amplitude in less dense coral sand foundations. As a result, the stability of the revet-
ment breakwater and runways will become worse. The seismic intensity has less of
an effect on the pore pressure responding in the coral sand foundation, but has a
significant effect on the displacement of the breakwater and runway.

(4) Inthe three tests, the development trend of the displacement of the revetment break-
water and aircraft runway is basically the same. The dynamic responding patterns of
pore pressure in Test 1 and Test 2 are also basically similar, and, in particular, the
phenomenon that the residual excess pore pressures at P6 and P8 become negative
values occurs two times in both tests. It is indicated that the test repeatability is quite
good and the credibility of the test results is high in this study.
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