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Abstract: The bearing capacity of rock-socketed piles (RSPs)
and sand piles under horizontal loads was compared and
analyzed through laboratory-scale model tests. The tests were
conducted using phosphogypsum to simulate the underlying
rock and compacted sand as the upper layer. Particle analysis
tests were conducted prior to the tests to confirm soil
uniformity. Cone penetration test (CPT) was performed to
evaluate the soil, confirming similar soil conditions for all
experimental groups, indicating that any errors arising from
soil properties could be neglected. The bearing capacity of
RSPs was verified through finite element simulation, the
results of which closely matched those of the tests. The results
show that the bending moment distribution of RSPs and sand
piles is consistent, with their maximum bending moment
occurring at a depth of 2-3 times the pile diameter (5 cm).
However, the location of the maximum bending moment for
RSPs is about 1 pile diameter (5 cm) deeper than that of the
sand piles. When the upper layer of sand is shallow, the
bearing effect of RSPs is more significant, with an increase in
the bearing capacity of about 41% compared to sand piles. In
addition, due to the squeezing effect of the rock, the cross-
sectional deformation of the RSPs is significantly lower than
that of the sand piles.
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ecently, the demand for renewable energy has in-
Rcreased globally due to growing environmental
awareness, making wind power one of the fastest-growing
clean energy sources' .
sand piles have certain drawbacks in specific marine envi-
ronments. For example, extreme weather conditions,
such as high wind speeds and intense storms, can chal-
lenge the foundation’s wind resistance'" .
stringent geological conditions, the bearing capacity of

sand piles remains limited due to the small friction and

However, traditional offshore

Moreover, in
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cohesion of the soil”™. In such geological conditions,

rock-socketed piles (RSPs) can be a more effective solu-
tion due to their increased bearing capacity achieved by
embedding the body of the piles in the rock'” . RSPs have
excellent adaptability and load-bearing capacity in marine
environments. In addition, they have a longer service
life, more reliable long-term stability, and higher eco-
nomic benefits, which can meet the long-term operation
needs of offshore wind farms'”’. By conducting a com-
parative study of the load characteristics and failure mech-
anisms of RSPs and sand piles, a safer, more reliable,
and more economical foundation system can be proposed
for offshore wind power generation.
highly significant for the scientific design of RSPs and the
growth of the offshore wind power industry.

Numerous scholars have conducted multiple studies on
RSPs. Li et al. "' utilized ABAQUS software to perform
three-dimensional finite element analysis on RSPs, revea-
ling that the proportion of frictional resistance to uplift
load increases nonlinearly with the rock-socketed depth.
Murali et al.' analyzed X-ray computed tomography
(CT) images at different pile head displacements and dis-
covered three different interface mechanisms: sliding, lo-
cal shear, and progressive shear. Han et al. """ performed
laboratory tests and found that the failure mode of a rock-
socketed monopile under unidirectional horizontal loading

This research is

is progressive and exhibits two obvious failure zones. Xu
et al. """ deduced the formula for the lateral bearing ca-
pacity of RSPs by employing the concept of instantaneous
angle of friction.

However, the lack of practical engineering and experi-
mental data on RSPs makes it necessary to conduct an in-
depth study on the bearing characteristics of RSPs and
compare them with those of sand piles. Herein, we de-
signed and conducted 1:100 scaled model tests, combi-
ning experiments and numerical simulation to investigate
the bearing mechanism of RSPs and compare it with that
of sand piles. The research results of this paper will pro-
vide reliable technical support for the design and construc-
tion of offshore wind power plants as well as practical
guidance for related research fields.

1 Experimental Materials and Methods

1.1 Experimental model

The laboratory-scale tests described herein were con-
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ducted in a soil tank with dimensions of 0.8 m x 0.8 m
x 0.9 m. Two different test conditions were set: pure
sandy soil condition and rock-socketing condition, where
sand and rock were isotropic without stratification. The
offshore wind turbine monopile foundation is a large-di-
ameter steel pipe pile structure, typically 5-8 m in diame-
ter. The pile foundation prototype studied herein had a di-
ameter of D, =5 m and a wall thickness of # = 0. 01
Dp[m . Owing to the limitations of the laboratory environ-
ment, the model was scaled to 1:100, reducing the length
and diameter of the pile. Thus, the diameter of the model
pile was set as D =5 cm (see Fig. 1). Model piles are

Fig. 1
for simulating the rock

Rock-socketed pile model made of phosphogypsum

typically composed of materials such as iron, aluminum,
or plexiglass, with reduced pile stiffness to account for
the reduced stress levels in the model.
ment inertia is determined by the wall thickness. Using

The value of mo-

the same material (steel) as the prototype will result in a
small wall thickness and difficulty in controlling the accu-
racy of the wall thickness. Therefore, plexiglass was used
as it has a deformation range within the linear elastic
range. The wall thickness of the model pile was calculat-
ed to be 5 mm. The material parameters of plexiglass are
shown in Table 1.

Table 1 Material parameters of the pile model used in the test

. Density/ Young’s Poisson’s  Yield stress/
Material 5 .
(kg-m™) modulus/GPa ratio GPa
Plexiglass 1180 3 0.32 2.5

As the stiffness of the pile cross-section was reduced,
the material used to simulate the rock was also corre-
spondingly replaced. The elastic modulus of the actual
rock is typically dozens of GPa, and even small deforma-
tion can result in substantial reaction force. To simulate
the rock, phosphogypsum was used along with other ma-
terials, with proportion shown in Table 2'""'. The pro-
duced phosphogypsum had dimensions of 55 cm x 35 cm
x 25 cm (see Fig. 1), a density of 2 100 kg/cm’, an
elastic modulus of 1.4 GPa, and a compressive strength
of 8.9 MPa'""'.
ciently small, the boundary effect due to the size of soil
tank was negligible.

As the stress range in the test was suffi-

Table 2 Proportion of phosphogypsum and materials used to simulate the rock %
Phosphogypsum Phosphorus slag powder Calcium oxide Cement Water reducer Retarder Water-cement ratio
85 9 6 5 1 0.3 0.43

The test was conducted on sandy soil collected from the
Bohai Sea in Tianjin, China. As low-density sandy soil
undergoes continuous compression during loading, its
density constantly changes and is difficult to determine.
Hence, the sandy soil was compacted using a layer place-
ment method to achieve maximum density during testing.
Each layer was 10 cm thick and tamped with weights,
and the process was repeated until the required thickness
was achieved. However, this tamping process caused a
significant disturbance on the surface soil, which can seri-
ously affect its uniformity. To reduce the impact on the
surface soil, the soil layer was increased by 5 cm during
each 5 cm compaction process, and the excess margin
was removed after compaction. After completing each
testing condition, the sand was removed, reworked, and
then used for the next testing condition. Following the
preparation, the soil parameters were measured (see Ta-
ble 3) and used as the basis for the numerical simulation.

All tests conducted herein were horizontal loading
tests; an electric actuator was used as the loading device
(see Fig.2), with a loading displacement of 0. 1D. The

Table 3 Parameters of the sandy soil in the test

. Y ’s hesi
. Density/ oung's Friction  Poisson’s co -eswn
Material K _5.  modulus/ le/(°) . yield
. angle ratio
(kg-m™) MPa & stress/kPa
Sand 1 689 5.8 41.9 0.3 0

electric actuator had a maximum thrust of 1 kN, and the
loading speed was controlled to 0. 1 mm/s, with a re-
tractable range of 20 cm, which could satisfy the loading
deformation requirements. Owing to the size constraints
of the electric actuator, it was not possible to load it on
the mud surface; therefore, the lowest loading point was
moved 2 cm above the mud surface. An iron hoop was
installed at the loading point to transfer the load to the
pile body through it. The iron hoop ensured a precise
height for each loading point. In addition, it ensured that
the load was distributed more uniformly at the loading
point, avoiding load concentration in the pile. For the
purpose of a clear and direct comparison of the experi-
mental results of RSPs and sand piles, we did not consid-
er the influence of externally applied bending moment
loads.
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Fig.2 Laboratory-scale test model

Four types of sensors were used in the test (see Fig.3):

1) Pressure sensor. This sensor was fixed at the tip of
the electric actuator and connected by thread, with the
other end in contact with the iron hoop at the loading
point.

2) Displacement sensor. Positioned on the opposite side
of the pile, this sensor measured displacement by monito-
ring the expansion and contraction of its own pull cord.
The end of the pull cord was a magnetic contact attached
to the iron hoop in the loading position.

3) Strain gauge. Strain gauges were installed at both
sides of the pile at 5-cm intervals (i.e., 1 pile diameter)
from the bottom to the top of the outer wall. Before stick-
ing the strain gauge, the measuring point was polished
with sandpaper and then cleaned with alcohol. The strain
gauges were glued seamlessly to the pile wall, ensuring
accurate measurements. A layer of epoxy resin, with an
average thickness of <1 mm, making them resistant to
moisture, heat, and compression.

4) Soil pressure sensor. This sensor was installed near
the side of the pile, with 5-cm intervals (i.e., 1 pile di-
ameter) in the vertical direction. The reading of the soil
pressure sensor was balanced and cleared before loading;
thus, we measured the additional value of the soil pres-
sure caused by the pile body deformation rather than the
actual soil pressure.

Loading mE
direction Pile
Pressure Displacement

sensor

@ sensor
\ Electric

actuator
Strain gauge

Soil pressure
sensor

%: Rock

Fig.3 Deployment of the test model, sensors, and loading
device (unit: mm)

Zhang et al. """ discovered that 2D (D represents pile
diameter) is the appropriate embedded depth of RSPs
under lateral load. Therefore, the embedded depth of
the RSP was set at 10 cm. A total of four control tests
were performed, and the testing conditions are shown in
Table 4.

Table 4 Testing conditions of the four experimental groups

Experimental L. Buried Rock-socketed Measuring
Conditions
groups depth/cm depth/cm depth/cm
1 Sand 35 0 0-35
2 Sand 45 0 045
3 Rock 35 10 0-35
4 Rock 45 10 0-45

1.2 Soil assessment

1.2.1 Particle analysis test

In the model test, the structure being studied must be
proportionally scaled; however, the soil used in the test
cannot be scaled based on the similarity criteria. To pre-
vent the impact of large particles on test results, large
particles in the sandy soil were sieved using a 2-mm fine
sieve. The particle analysis test mainly determined the
soil’s gradation and uniformity coefficient; the particle
gradation curve of the soil after sieving is shown in Fig. 4.
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Fig.4 Grain size distribution of the sandy soil

Fig. 4 shows that the particle size of the sandy soil used
in the test was less than 2 mm. The primary components
of the soil were fine sand (0. 125-0.25 mm) and medium
sand (0.25-0.50 mm), accounting for about 80% of the
total composition. The uniformity coefficient of the sandy
soil was calculated to be C, =3, and the curvature coeffi-
cient was C, =0. 96. Thus, the soil was poorly graded
homogeneous soil that met the test requirements.

1.2.2 Cone penetration test

To ensure the consistency of soil compactness through-
out the test, the sandy soil in each testing condition was
evaluated using the cone penetration test (CPT)'"”'. CPT
was performed using a cone penetrometer, which compri-
ses a cone tip, tubular pressure sensor, and stainless steel
cone-rod (see Fig.5). The cone tip has a 60°-conical tip
with a diameter of 18 mm and a screw hole for connecting
the pressure sensor, and it is divided into a conical and
cylindrical section. The pressure sensor exhibits an oper-
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ating range of 1 kN and a sensitivity of 0. 1 N, with
screws connecting it to the tip of the cone and cone-rod at
both ends. The sensor leads protrude from the upper end
of the cone-rod, ensuring that the pressure on the sensor
is transmitted solely by the cone tip and not affected by
soil contact.

Fig.5 Cone penetration test for soil assessment in each exper-
imental group

To ensure an accurate measurement in CPT, appropri-
ate measurement points that are not excessively close to
the pile body or tank wall must be chosen; points exceed-
ingly close to the pile can disrupt the soil around it, po-
tentially affecting the pile’s inclination. Similarly, meas-
urement points extremely close to the tank wall can im-
pact the soil’s lateral deformation and increase the lateral
friction and resistance of the cone tip. Kim et al. "' con-
ducted centrifuge CPT tests on different sandy soils and
found that a ratio of boundary distance to cone diameter
(S/B) greater than seven had no impact on the test re-
sults. They also demonstrated that the penetration rate did
not affect the cone tip resistance. Therefore, the midpoint
position between the pile and tank wall is generally select-
ed to meet testing requirements.

In each group, CPT tests were conducted after loading
and unloading, with a maximum thrust of the electric ac-
tuator at 600 N and a constant loading rate of 5 mm/s
throughout the test. Fig. 6 shows that the end resistance

Depth/cm

1 1 1 1 1

1 ]
100 150 200 250 300 350 400

1
0 50
End resistance/kPa
Fig.6 End resistance-depth curve obtained by the cone pene-
tration test

increases gradually with depth, and the curves for the
four tests are highly similar, indicating that the soil con-
ditions for all four tests are consistent.

2 Finite Element Simulation Modeling

The three-dimensional bearing capacity of RSPs simu-
lated by ABAQUS finite element software has been prov-
en reliable'". Therefore, herein, we modeled the RSPs
using ABAQUS finite element software. As shown in
Fig. 7, the numerical simulation model consists of a pile,
sand layer, and rock layer. In the finite element tests, the
constitutive model of the soil layer is incorporated using
the Mohr-Coulomb plasticity model. The contact between
the pile and sand was modeled as a frictional contact with
a friction coefficient of 0.4, while that between the pile
and rock was established as a frictional contact with a
friction coefficient of 0.7'""". In contrast, the constitutive
model of the rock layer was simplified into an elasticity
model. This simplification is based on the assumption
that the mechanical response of the rock remains within

the linear elastic range.

Fig.7 Numerical simulation model built by ABAQUS

The simulation was performed using static general work
steps, with initial and maximum increments of 0. 01 and
1, respectively. The minimum increment of the working
step was set to 1.0 x 10~ to avoid lengthy calculations.
The loading point was placed at RP-1 and coupled with
the pile section in the horizontal plane, and the load-dis-
placement was set to 0.5 cm with a positive x-axis direc-
tion. The soil’s boundary constraint was fixed at the bot-
tom, with no translation or rotation in any direction,
while the soil sides were only limited to horizontal trans-
lations and vertical corners. The C3D8R solid unit was
used for meshing, with the inner and outer pile grids be-
ing as consistent as possible to ensure the calculation’s
transitivity and accuracy. Finally, the control groups of
numerical simulation were set the same as the experimen-
tal groups shown in Table 4.



388 Zhang Puyang, Xiong Lichao, Le Conghuan, Dong Hongji, and Ding Hongyan

3 Results and Discussion

The data collected during the test included the loading pres-
sure, displacement of the loading point, tensile strain meas-
ured by a strain gauge, and soil pressure at various depths.

3.1 Experimental bending moment calculations

Bending moment contrast can be used as an alternative
method to pile body deformation contrast, which can
eliminate the need for formula fitting and integration and
reduce the errors caused by coefficient values. Instead of
analyzing pile body deformation, this method involves
the comparison of the bending moment at different points
along the pile. By using strain gauge data, the cross-sec-
tional bending moment can be calculated at a specific
height on the pile, as described by

eEl

M=57 (1)
where M is the cross-sectional bending moment at the
measuring point; ¢ is the measured strain value; E is the
elastic modulus of the pile; 7 is the moment of inertia of
the cross-section relative to the neutral axis; R is the dis-
tance of the measurement point from the center of the sec-
tion. This approach can provide a more accurate and effi-
cient way of analyzing the behavior of a pile under load.
According to Eq. (1), the bending moment of the piles
at various loading displacements was calculated using data
obtained from Groups 2 and 4, as shown in Table 4.
Since the loading point was 2 cm from the sand surface,
the bending moment at the surface layer was not zero.
Both graphs in Fig. 8 show that the bending moment first
increases, then decreases with the increasing depth, and
eventually falls to zero at the pile bottom. As the dis-
placement of the loading point increases, the bending mo-
ment at different depths increases to varying degrees, but
the overall trend remains the same, with the maximum
bending moment at a depth 2-3 times the pile diameter
(D =5 cm). By comparing Figs.8 (a) and (b), itis ev-
ident that the bending moment is larger, and the peak
point is deeper under rock conditions. Furthermore, the
bending moment decreases sharply in the depth range of

3545 cm.

3.2 Comparative experimental and simulation studies

3.2.1
In Fig. 9, the results of the finite element analysis and
the test are relatively similar and show a consistent trend.

Displacement-load curve

By averaging the numerical model and test results, it was
found that the pile bearing capacity under rock conditions
is improved by about 41% compared to pure sandy soil at
a depth of 35 cm and by 35% at a 45 cm depth. This in-
dicates that the rock-socketing effect significantly en-
hances the bearing capacity and is more significant for
shallow overlying soil depth.
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Fig.8 Distribution of the pile bending moments under a buried
depth of 45 cm. (a) Soil condition; (b) Rock condition
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Fig. 9 Experimental and simulation comparison of the dis-

placement-load curve. (a) Depth of 35 cm; (b) Depth of 45 cm
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Compared to that at 35 cm, the pile bearing capacity in
sandy soil at a depth of 45 cm increased by 25%, while
in rock-socketing conditions, it increased by 19% . This
implies that increasing the thickness of the overlying soil
is beneficial for improving the ultimate bearing capacity
of the pile, and the improvement in pure sandy soil con-
dition is more significant than that in rock-socketing con-
dition.

Fig. 10 shows that under an external load, the pile ex-
hibits a rotational tendency. The maximum strain in the
soil occurs at the surface, which is at the edge of the rota-
tional plane. In the sand condition, a relatively small
strain occurs at the bottom of the pile, and the rotational
center is located at one-quarter of the depth from the pile
bottom. In the rock condition, almost no strain occurs at
the pile bottom, and the rotational center is located at the
bottom. This suggests that the rock imposes a constrai-
ning influence, limiting the rotational movement and dis-
placement at the pile’s base. This trend aligns with the
observations made in the study conducted by Zhang et
al. ",
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Fig.10 Simulation comparison of equivalent plastic strain in

soil. (a) Sand condition; (b) Rock condition

3.2.2 Bending moment-depth curve

To compare the similarity between the finite element
analysis and model test, a numerical comparison is no
longer performed. Instead, the moment is normalized by
dividing each data set by its peak value, and a simplified
comparison is drawn based on curves with a peak value of
1. Two different burial depths when the displacement at
the loading point reaches 0.5 cm were compared.

The normalized moment comparison chart ( see Fig.
11) shows that the overall trend of the moment is consist-
ent for all different conditions. The bending moment in-
creases downward from the sand surface and then decrea-
ses, with the pile bottom bending moment close to 0.

The peak bending moment in the sand condition is 15 cm
deep, while in the rock condition, it is 20 cm deep. This
indicates that the rock-socketing effect has a significant
influence on the moment distribution, causing the maxi-
mum moment position to shift downward by the distance
of 1D.

Fig. 12 shows that the soil stresses within the pile are
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Fig.11 Comparison of the bending moment-depth curves after
experiment and simulation. (a) Depth of 35 cm; (b) Depth of 45
cm
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relatively small. This is primarily because the external
load resistance on the pile mainly emerges from the sur-
rounding soil. In the sand condition, the maximum stress
is primarily located at the midsection of the pile, with
some stress concentration at the pile bottom, mainly on
the compressed side of the pile. In the rock condition, as
the pile is predominantly influenced by the rock, stress
concentrates significantly at the pile bottom, on both the
tension and compression sides of the pile, with relatively
lower stresses along the pile shaft.

Overall, the maximum stress in the soil is located at
the midsection of the pile, gradually decreasing as it
spreads outward. This observed pattern validates the ac-
curacy of the bending moment diagram ( see Fig. 11).
Furthermore, this phenomenon aligns harmoniously with
the numerical research findings of Xing et al. '"*'.

3.3 Simulation analysis of pile cross-section deforma-
tion

To analyze the deformation of the pile cross-section,
the deformation at a depth of 35 cm (depth of the rock
layer surface) in Groups 2 and 4 (see Table 4) is selected
(see Figs. 13 and 14). The external load is loaded in the
positive direction of the x-axis, presented to the right in
the graphs. Owing to the extremely small deformation in
this case and the insufficient accuracy of experimental
measurements, only the finite element method is used for
simulation studies.

Under the sand condition, when the cross-section of the
pile deformed along the loading direction (x direction),
the horizontal deformation on the front and back sides of
the pile was not equal (see Fig. 13). The maximum hori-
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Fig. 13 Sectional deformation of the sand pile at 35-cm depth.
(a) Direction x; (b) Direction y
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Fig. 14  Sectional deformation of the RSP at 45-cm depth.

(a) Direction x; (b) Direction y

zontal displacement is 0. 125 mm, and it is negative be-
cause the pile body rotates'”. The front side of the pile
is subject to soil compression, resulting in a smaller de-
formation, while the back side gradually separates from
the soil with the increasing loading displacement, thereby
resulting in a larger deformation. Therefore, the cross-
section undergoes compression and expansion deformation
along the loading direction, and the contour changes from
circular to elliptical.

Under the rock condition, the maximum horizontal dis-
placement along the loading direction is three orders of
magnitude smaller than that under the sand condition, and
the maximum displacement along the y-axis is nearly
three times smaller (see Fig. 14). The negative displace-
ment values indicate a rotational movement of the pile
body. Under the rock condition, the compression deform-
ation of the pile cross-section is significantly reduced,
and the tendency for the contour to change from circular
to elliptical is not obvious.

This divergence is primarily attributed to the notably
higher elastic modulus of rock compared to that of sand.
The significant elastic modulus within the rock layer re-
strains the lateral deformation of the pile body, resulting
in a different pile-soil interaction than that in the sand.
This can also be interpreted as an outcome of the strong
resistance presented by the rock, creating a situation
where the pile faces difficulties in undergoing substantial
deformation.

4 Conclusions

1) When horizontal load is applied to a pile, the ben-
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ding moment along the pile shaft increases from the sand
surface to a certain depth and then decreases. The ben-
ding moment at the pile tip is almost zero, and the maxi-
mum bending moment occurs at a depth 2-3 times the pile
diameter (5 cm). For RSPs, the maximum bending mo-
ment is greater than that of sand piles, and the depth at
which the maximum bending moment occurs is also high-
er, about 1 pile diameter (5 cm).

2) The bearing capacity of RSPs is about 41% higher
than that under pure sandy soil conditions at a depth of 35
cm, while it is about 35% higher at a depth of 45 cm.
The improvement effect of rock socketing on pile bearing
capacity is more significant, particularly when the overly-
ing soil is shallow.

3) Under pure sandy soil conditions, the bottom sec-
tion of the pile tends to compress in the loading direction,
and the profile changes from circular to elliptical. In
rock-socketed conditions, the deformation of the pile sec-
tion is considerably small due to the squeezing effect of
the rock on the pile. This deformation mode results in a
different interaction between the pile and rock compared
to sandy soil.
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