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Abstract: As a novel, renewable, and efficient source of energy, offshore wind power has attracted
many scholars across the globe. Studies show that offshore wind power significantly enhances the
liquefaction resistance of marine saturated sand foundations exposed to seismic waves as loads. In the
present study, a series of shaking table tests were conducted to study the load-induced enhancement
of the liquefaction resistance of the sand. To this end, the excess pore pressures of soil mass at different
buried depths were monitored in real time and the variations were analyzed. Moreover, a liquefaction
constant was proposed and its influencing range was quantified. The obtained results demonstrated
that load inhibits sand liquefaction at the near-end area, while it facilitates sand liquefaction at the
far-end area. It is found that in soil under load at a buried depth of zero to two times the diameter,
the liquefaction resistance increases linearly with the load value. Furthermore, the range of vertical
inhibition and the lateral load wall end is 2.55 times and 2.36 times greater than the load diameter,
respectively. The present study provides a basis to study the load-induced inhibition range of sand
liquefaction, which is of significant importance for the development and optimization of offshore
wind farms.

Keywords: marine load; sand liquefaction; improvements in liquefaction resistance; shaking table
test; inhibition range

1. Introduction

As a novel, renewable, and efficient source of energy with superior characteristics,
offshore wind power has attracted scholars across the world [1–3]. Aiming to reduce
emissions and approaching carbon neutrality, the development of offshore wind power
is of socioeconomic significance [4]. Considering the requirements of the 14th Five-Year
Plan (2021–2025), this is especially more pronounced in China. Studies show that China is
rich in offshore wind energy resources, with an estimated power of 750 million kilowatts.
However, the offshore environment has complex hydrogeological conditions and is prone
to earthquakes. Various cyclic loads can easily induce sand liquefaction [5]. Under these
conditions, the liquefaction phenomenon frequently occurs in saturated sand [6,7], resulting
in the instability of the upper wind power load [8]. The upper load is transferred to the
foundation through offshore wind power load, affecting the liquefaction resistance of the
saturated sand foundation [9]. Considering the impact of loads on the liquefaction resis-
tance of the foundation, this parameter should be considered in the design and construction
of offshore wind powerplants, which can effectively enhance the safety and reliability of
offshore construction, thereby generating great social and economic benefits. By studying
offshore wind power as a load to suppress sand liquefaction, it can effectively promote
the safe and rapid development of offshore wind power technology. As a representative
clean and renewable energy source, the stability and safety of offshore wind power under
earthquakes can effectively promote the development of the energy industry in the field of
sustainable development.
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It Is worth noting that the liquefaction resistance of sand foundation is affected by
numerous factors, including the compactness and structural characteristics [10], initial
stress [11], wave-induced vibrations (which are affected by the form, frequency, and loading
time of waves) [12], and sand saturation [13–15]. Considering the importance of the
issue, numerous investigations have been carried out in this regard. For instance, Reddy
Nerusupalli Dinesh Kumar [16], Zeybek Abdülhakim [17], and Frid Vladimir [18] proposed
theories to obtain the properties of liquefied soil mass and analyzed the correlation between
consolidation and rigidity. The proposed theories covered the affecting parameters such as
compactness, degree of consolidation, and dynamic load [18]. It was found that the sand
content has a great impact on the acoustic behavior of the front and back of liquefaction
points [16,17,19]. Zeng [20], Heng [21], and Xenaki [22] performed experiments using
multifunctional static and dynamic hydraulic shear instruments and developed a linear
monotonic correlation between fine contents and pore pressure, and a nonlinear monotonic
correlation between clay content and pore pressure [20–23]. Guo [24], He [25], and Yang [26]
investigated the influences of initial consolidation ratio and consolidation stress on the sand
strength and liquefaction of sand foundations [24–26]. Although remarkable achievements
have been made, the influences of sand foundation properties on the liquefaction resistance
cannot directly explain the influence of upper loads such as construction and wind power
on the liquefaction resistance of soil mass.

Huang, Bian, and Chen [27,28] conducted experiments and studied the influence of
the load of the wind turbine tower on the liquefaction of the gravel sand. The obtained
empirical results demonstrated that cyclic loading should be considered in designs and the
implicit model of the soil mass that simulates the cyclic loading path is not an appropriate
method to analyze interactions between the foundation and soil mass [29]. Accordingly,
performing an accurate loading analysis is of significant importance to prevent load liq-
uefaction. Cai [30] and Pang [31] investigated the stability of the wind farm foundation
under load using various methods. It should be indicated that the impacts of load on the
sand liquefaction phenomenon have been rarely studied [30,31]. In this regard, Lian [32]
and Li [33] studied the impact of the bucket foundation on the liquefaction of sand foun-
dations to prevent the occurrence of this destructive phenomenon [32,33]. However, the
numerical simulations and centrifuge experiments carried out in these studies did not
cover seismic loadings of waves, and no improvement was reported for liquefaction resis-
tance. Ma et al. [34] performed numerical simulations to study the impacts of load on the
liquefaction resistance of the sand. It should be indicated that shaking table tests have been
rarely conducted to investigate the influence of multiple loads on sand liquefaction.

In summary, most studies investigating the effects of load on the liquefaction resistance
of sand adopt quantitative methods. The main objective of the present study was to carry
out large-scale shaking table tests to analyze excess pore pressures of soil mass at different
buried depths under different vibration waves in real time. In this regard, the liquefaction
of sand foundations under vibration waves was also investigated. Analyzing different
responses, the intention was to study the liquefaction resistance of sand foundations under
different loads.

2. Shaking Table Tests
2.1. Preparation of the Test Setup
2.1.1. Saturated Foundation and Preparation Thereof

The test material is the sand foundation. The test background is the offshore wind
power foundation constructed in the sea area near Fujian, China. The foundation weight
is used as the load to study the inhibition range of sand foundation liquefaction. In
this regard, standard Fujian sand was used to simulate the marine sand environment.
Table 1 and Figure 1 show the physical parameters and the gradation curve of the test
material, respectively.

In order to determine the saturation level Sr of the sand foundation, a saturation test
was carried out before each experiment and accordingly, it was found that the Sr was
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0.9. A pluviation method was used to construct the foundation. The falling distance was
40 cm. Based on the anti-seepage design of the model shear box, the saturation device was
designed at the bottom of the model box. Due to the capillary action, deaired water entered
the sand foundation evenly and quickly. The standard saturation level of the undisturbed
sand foundation was prepared by undrained saturation [35–37]. Figures 2 and 3 show the
preparation process and the saturation device, respectively [38–40].

Table 1. Physical parameters of standard Fujian sand.

Cohesion
(kPa) Void Ratio Saturated Density

(kg·m−3)
Dry Density

(kg·m−3)
Relative

Density (%)
Water

Content (%)
Internal Friction

Angle (◦) pH

0 0.79 1920 1478 52 0.23 30 6.9
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Figure 3. Saturation device.

2.1.2. Experimental Setup

The test device mainly consists of a shaking table, a model box, and a loading device.
The shaking table is a 3.03 m × 3.03 m one-way hydraulic shaking table. The input acceler-
ation was set to 0.2 g. A rigid laminated shear box was adopted to eliminate the boundary
effects in the model. The box has a square frame with 11 layers, an inner side length of
1.2 m, and an outer length of 1.4 m. Six 12 mm diameter hard rubber rods with the same
width as the frame were used as flexible bearings between each layer of the frame to reduce
the friction between the frames. The model box in Figure 4 shows that the bottom was
sealed with plain concrete.
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Figure 4. Configuration of the laminated ring shear box.

The test scale is 1:100. A scaled composite loading device was constructed to simulate
the foundation of the cap-pile structure. The composite device consisted of 1 barrel load,
2 round cap plates, 10 square cap plates, and 4 bolts (piles). Figure 5 shows the isometric
model and configuration of the composite loading device.
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2.2. Experimental Scheme

In the present study, experiments were carried out to study the impact of load on the
liquefaction resistance of the sand. In this regard, the influences of load value and the
loading wave were analyzed.

(1) Designing the load value: During the experiments, the load value was limited to 50%
of the ultimate bearing capacity. Moreover, experiments with 20%, 30%, 40%, and
50% of the ultimate bearing capacity were conducted, and no-load tests were carried
out as the control test. The bearing capacity can be calculated using the following
expression (1):

Pu = CNcscdcicgcbc + qNqsqdqiqgqbq +
1
2

τBNτsτdτ iτ gτbτ (1)

The obtained results from Equation (1) are listed in Table 2.

Table 2. Results of the bearing capacity of the test foundation.

Ultimate Bearing
Capacity (kPa)

Ultimate Bearing
Capacity (kN)

20% of the
Ultimate Bearing

Capacity (kN)

30% of the
Ultimate Bearing

Capacity (kN)

40% of the
Ultimate Bearing

Capacity (kN)

50% of the
Ultimate Bearing

Capacity (kN)

159.55 11.27 2.254 3.381 4.508 5.635

(2) Designing the loading wave: In the present study, an El Centro wave and small-
amplitude white noise were used to reduce the influence of noise of the shaking table
on the results. The damping ratio and natural vibration frequency of the model box
and sand foundation were determined via a small-amplitude white noise loading
test, and the resonance between the box and foundation was eliminated. After the
dissipation of excess pore pressure, the El Centro wave test was carried out. In order
to ensure the test accuracy, the sand was unloaded and replaced after each load test.
Figure 6 illustrates the input wave of the shaking table.
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2.3. Monitoring Scheme

The excess pore pressures of soil at different buried depths were monitored in real
time. Then, real-time data were collected and transformed using a dynamic data acquisition
instrument (Donghua 64-channel DH5921) with a frequency of 200 Hz.

The lower load diameter was defined as R0, and the approximate influence range had
a diameter of 2R0 [18]. Accordingly, sensors were installed inside a circle with a diameter of
2R0 with the load center as the origin. To analyze the influence of load on the liquefaction



Sustainability 2023, 15, 7294 6 of 13

resistance of sand, the spacing between sensors was set beyond this range. Figure 7 shows
the layout of pore pressure sensors.
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3. Excess Pore Pressure Ratio Response of the Load-Sand Foundation

Based on the measured excess pore pressures of the foundation soil at different buried
depths and the calculated excess pore pressure ratio using Equation (2), foundation lique-
faction was analyzed under different loads. The excess pore pressure ratio is defined in the
form below:

η =
∆PW
δV

(2)

where η is the excess pore pressure ratio of the monitoring point, ∆PW is the excess pore
pressure at a specific buried depth, and δV is the sum of the effective stress of the foundation
and load-induced additional stress reflecting the effective stress acting on the foundation.

According to the results of Seed’s simplified method, when the excess pore pressure ra-
tio is less than one, the occurrence of liquefaction of sand foundation is positively correlated
with the excess pore pressure ratio. Accordingly, the influence of load on the liquefaction
of sand foundation can be obtained by comparing the excess pore pressure ratios of soil at
different buried depths under no load conditions and those under different loads.

Figure 8 shows that excess pore pressure ratios of soil are consistent at different buried
depths and monitoring positions.
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Figure 8. Excess pore pressure ratio of soil at different buried depths. (a) Monitoring point 1,
(b) monitoring point 2, (c) monitoring point 3, (d) monitoring point 5, (e) monitoring point 7,
(f) monitoring point 9, (g) monitoring point 11, (h) monitoring point 13, (i) monitoring point 17,
(j) monitoring point 15, (k) monitoring point 19, (l) monitoring point 22, (m) monitoring point 23.

Figure 8a indicates that the applied load drastically inhibits the liquefaction of soil be-
neath the load foundation and the inhibiting effect is independent of the load. Nevertheless,
considering the influence of the load value on the excess pore pressure ratio, liquefaction
is prone to occur at this point. Figure 8b shows that as the buried depth increases, load
still inhibits liquefaction effects, which linearly increase with the increasing load. It is
worth noting that such an impact is less significant than that in Figure 8a, but it can still
effectively constrain liquefaction. However, the inhibition effect disappears in the late
stage of the test with 20% of the ultimate bearing capacity. This may be attributed to the
effect of the bucket skirt on the soil mass at this buried depth. This is because the applied
load and the excess pore pressure ratio are not large enough to initiate liquefaction in the
foundation. Consequently, it can be ignored in the experiments. Figure 8c shows that as the
buried depth reaches 0.45, the inhibiting effect is still remarkable, and the abnormal excess
pore pressure ratio disappears under the load with 20% of the ultimate bearing capacity.
Moreover, it is observed that the inhibiting effect and the load value still have a quasi-linear
correlation. Figure 8m shows the excess pore pressure ratio when the buried exceeds twice
the load foundation diameter. In this case, the inhibiting effect of load on soil is much
weaker than that of the case with two times the foundation diameter, and the quasi-linear
relation between the inhibiting effect and the load value no longer exists.

Figure 8 reveals the inhibiting effects at different positions depending on the horizontal
distance and the buried depth. Figure 8d shows that as the load value increases, the
development of excess pore pressure ratio of sand foundation at monitoring point #5 is
rapidly inhibited. At 20% of the ultimate bearing capacity, there is an obvious accumulation
and dissipation of excess pore pressure ratio. However, when the load value exceeds
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30%, the excess pore pressure ratio develops constantly and the influence of the load
value disappears.

Figure 8d also indicates that at monitoring point 5#, the development of excess pore
pressure ratio is rapidly constrained with an increasing load value. At 20% of the ultimate
bearing capacity, there is still noticeable development and dissipation of the excess pore
pressure ratio. However, when the load value exceeds 30%, the excess pore pressure
ratio becomes steady and the impact of load value is negligible. Furthermore, Figure 8e
shows that at monitoring point 7#, as the horizontal distance increases, the load-induced
inhibition effect on excess pore pressure ratio no longer exists, and the enhancement effect
appears independent of the load value. Figure 8f shows that when both the buried depth
and the horizontal distance increase, monitoring point #9 has significantly less inhibition
on sand liquefaction than monitoring point #5. Moreover, under 20% of the ultimate
bearing capacity, the inhibiting effects of monitoring points 3# and #9 are the same. The
comparison of the results in Figure 8 shows that the impact of load on excess pore pressure
ratio during liquefaction of sand foundation is consistent and the quasi-linear relation
at monitoring points #9 and #3 is consistent. Nevertheless, the inhibition effects of load
completely disappear at monitoring points #7 and #11, and the enhancement effect of
load on excess pore pressure ratio approaches 1, reflecting drastic liquefaction and severe
structural damage to soil mass under load. Figure 8h–j shows that as the buried depth
and horizontal distance increase continuously, the inhibiting effect weakens, while the
impact of load on the excess pore pressure ratio does not change significantly. Under
these conditions, it is inferred that the inhibition effect of load on the liquefaction of sand
foundation takes place. When the variation is within the range, the load can effectively
inhibit the liquefaction of the sand foundation, while there is no such effect in the outside
area. Additionally, an uncontrollable excess pore pressure ratio appears at these monitoring
points under 20% of the ultimate bearing capacity. The comparison shows that in the
no-influence boundary range, a load with a small value slightly decreases the excess pore
pressure ratio during the vibration of the sand foundation, but then it becomes out of
control. Figure 8k,l show that the distance between the monitoring point and the load
center is more than twice the load diameter. It is observed that the inhibition effect of
load on the excess pore pressure ratio of sand foundation completely disappears, and the
quasi-linear relationship with an excess pore pressure ratio no longer exists.

Figure 8 reveals that there is a nonlinear correlation between the inhibition effect of
load on the liquefaction of soil mass at different buried depths under earthquake and
load. Meanwhile, there is a quasi-linear correlation between the soil mass buried directly
below load and load, and the inhibition of soil mass in other lateral positions is positively
correlated with the increase in the load value. Moreover, as the buried depth and horizon-
tal distance from the load center increase, the corresponding inhibition effect decreases
gradually, thereby enhancing the liquefaction effect. In the transition from the inhibition
effect to the enhancement effect, there is a threshold where the load does not affect the
liquefaction of the sand foundation.

4. Analysis of Excess Pore Pressure Ratio

According to discussions in the foregoing sections, load changes the excess pore
pressure ratio of sand foundation under an earthquake. To analyze the load-induced
inhibition range of liquefaction of sand foundation, excess pore pressure ratios of different
monitoring points under different loads were compared with those under no load condition.
To this end, variations in the excess pore pressure ratio under different loads are calculated
and analyzed. In this regard, the liquefaction load constant Y is defined as follows:

Y =
ηload − ηsel f

ηsel f
(3)

where ηload denotes the excess pore pressure ratio of soil at a specific buried depth exposed
to seismic wave under load and ηsel f denotes the excess pore pressure ratio of soil mass
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at the buried depth exposed to seismic waves with no load condition (natural state). The
liquefaction load constant is a parameter that describes the excess pore pressure ratio of
soil mass at a specific buried depth under load. A positive indicates that the liquefaction
resistance of soil mass is enhanced, while a negative indicates that the liquefaction resistance
is degraded.

Figure 9 indicates that liquefaction load constants are positive at monitoring points #1,
#2, #3, #5, #9, and #23, indicating enhanced liquefaction resistance in these parts. On the
other hand, the liquefaction load constants are negative at monitoring points #7, #11, #13,
#17, #19, and #22, indicating degraded liquefaction resistance in these parts. Meanwhile, the
liquefaction load constant is zero at monitoring point #15, indicating that the liquefaction
resistance does not change in this part. According to the liquefaction load constant, the load
impact on sand foundation liquefaction resistance can be presented by the primary peak of
vibration, which occurs 5 s after the start of loading. A three-dimensional meshing process
was performed to obtain liquefaction load constants of the sand foundation at different
monitoring points, buried depths, and horizontal distances from the load center, and a 3D
model was obtained accordingly.
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Figure 9. Variations of excess pore pressure ratio under different loads.

Figure 10 shows that the anti-liquefaction performance enhancement area is the inter-
nal area of the contour line, and the anti-liquefaction performance suppression area is the
external area of the contour line. Contour lines indicate areas with no influence, and the
outside area is the area highly prone to the liquefaction of sand foundation. The inhibition
area of foundation liquefaction right below the load can reach a depth of 0.765 m, which is
2.55 times the load diameter. In the lower part of the load, the enhancement in liquefaction
resistance of lateral soil mass increases significantly near the bucket skirt, reaching a depth
of 0.71 m. The maximum and minimum range is 2.36 times and 1.33 times the load diameter,
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respectively. Moreover, it is found that liquefaction of sand foundation promotes in large
areas of the outer region, indicating that the load inhibits sand liquefaction at the near end
and facilitates sand liquefaction at the far end.
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Figure 10. Contour of calculation range of sand liquefaction under load inhibition.

For the sustainable development of energy, clean and renewable energy has great
energy advantages, but as a new energy industry, its corresponding safety, stability and
durability greatly restrict the speed of its development. In this paper, by researching
the range of the load-inhibiting liquefaction of sand foundations, and analyzing and
comparing the excess of pore pressure and pore pressure ratios in sand foundations under
earthquake action, the structural stability of offshore sand foundations after offshore wind
power construction is revealed, and the range of the load-inhibiting liquefaction of sand is
quantitatively evaluated, which effectively reveals the safety of offshore wind power after
construction. This provides a design basis for the construction of offshore wind power in
the future and, to a certain extent, promotes the rapid progress of offshore wind power
technology as a new and sustainable energy technology.

5. Conclusions

In the present study, the impact of load on the inhibition range of liquefaction of
saturated sand was investigated experimentally and numerically using shaking table tests
and numerical simulations. Areas with changes in liquefaction resistance of saturated
sand foundation during the earthquake were identified, and the liquefaction load constant
was defined to explain the areas with liquefaction inhibition of sand foundation by the
load. Based on the obtained results and performed analyses, the main conclusions can be
summarized as follows:

(1) For liquefaction of sand foundation under load, the excess pore pressure ratio changes
differently for different buried depths and horizontal distances from the load center.
There is a linear correlation between load and excess pore pressure ratio in the range
within twice the load diameter right below the load.
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(2) The impact of load on the liquefaction of sand foundation is inhibition at the near end,
while it significantly facilitates soil liquefaction at the far end.

(3) The quantitative calculation of the inhibition range based on the liquefaction load
constant reveals that the inhibiting effect gradually converges with increasing buried
depth and horizontal distance from the load center. The horizontal convergence rate
is 1.08~1.92 times the vertical convergence rate. While the inhibition range expands
near the load wall, the vertical inhibition range is 2.55 times the load diameter, and
the lateral load wall end range is 2.36 times the load diameter.
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