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Tab.1 Main parameters of TK-500 geotechnical centrifuge
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Fig. 1 High-rise cap foundation model
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Tab. 2 Similarity ratios for centrifuge tests (model/prototype)
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Tab.3 Test sand parameters
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Tab.4 Unidirectional variable amplitude loading schemes
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Tab.5 Comparison of axial forces on piles 1*~3"
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Tab.6 Comparison of bending moments on Piles 1*~3*
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Tab.7 Material physical property parameters
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Centrifuge Tests on Load Bearing Characteristics of High-rise Cap Foundation of
Offshore Wind Turbines Under Lateral Loads
LIU Xianpeng', CHEN Chao'", HUA Xugang', NIE Zhichao®, QU Shusheng’

(1.College of Civil Engineering, Hunan University, Changsha 410082, China;
2.Tianjin Research Institute for Water Transport Engineering, Ministry of Transport of the People’s Republic of China, Tianjin 300456, China)
Abstract:

Objective This study aims to conduct an in-depth investigation into the load transfer mechanisms and distribution behavior of high-pile cap foun-
dations under cyclic loading conditions. A systematic analysis is conducted to clarify the evolution of stiffness in the sand—foundation interaction
system, with particular emphasis on the response to repeated external loads. The findings provide a theoretical foundation for assessing the opera-
tional safety of offshore wind turbine foundations supported by high-pile caps during their service life. In addition, this study provides practical
insights and technical references for the design, optimization, and risk mitigation of such foundation systems in future offshore wind energy
projects.

Methods Geotechnical centrifuge modeling was employed to simulate the performance of high pile cap foundations under both monotonic and
unidirectional multi-stage cyclic horizontal loading. The tests were conducted at a scaling ratio of 1:100 using dry sand to replicate the seabed
substrate. A strictly controlled loading rate of 0.06 mm/s was applied to maintain quasi-static conditions. Displacement responses were recorded
at a sampling frequency of 10 Hz to capture detailed deformation behavior. The experimental setup incorporated a horizontal loading mechanism,
laser displacement sensors, and axial force transducers installed around the pile cap. In addition, strain gauges were mounted along the lengths of
the piles to measure internal force variations. This instrumentation allowed for a comprehensive assessment of the foundation’s mechanical per-
formance, including stiffness degradation under high-amplitude cyclic loading, accumulation of permanent displacements, and development of
tilt. Complementing the physical experiments, a finite element model was developed to numerically simulate the tests. The model was calibrated
using experimental data to ensure accuracy. Key parameters such as axial force and bending moment distributions along the pile shafts were ex-
tracted from the simulation results. The numerical analysis served to validate trends observed in the centrifuge tests and provided additional in-
sight into the underlying load distribution mechanisms that governed axial and flexural behavior in the pile group.

Results and Discussions 1) Under monotonically increasing horizontal load applied to the cap, the foundation displacement initially exhibited a
linear relationship with the applied load. Beyond a load level of 0.46F, the load displacement curve demonstrated pronounced nonlinearity, indi-
cating the onset of plastic deformation within the surrounding soil mass. The bearing capacity of each individual pile within the group was pro-

gressively mobilized, culminating in an ultimate horizontal load capacity of 17.88 kN for the entire foundation system. 2) The axial force mea-
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sured in the piles decreased significantly with increasing embedment depth. This attenuation was particularly evident along the upper portion of
the piles, with axial forces approaching zero at a depth of approximately 200 mm. In contrast, the bending moment increased initially with depth,
reached a maximum value at around 30 mm below the mudline, and then decreased gradually. Among the instrumented piles, Piles 1%, 2%, and 8"
were subjected to net tension forces, while the remaining piles experienced compression. All piles exhibited bending moments in the same direc-
tion, indicating consistent group behavior. When symmetric horizontal loading was applied with respect to the cap central axis, both axial forces
and bending moments displayed symmetric distribution patterns across the pile group. 3) Under cyclic loading amplitudes of 0.2F, 0.4F, and
0.6F,, the cumulative displacement of the foundation increased steadily with the number of loading cycles. However, when the cyclic load ampli-
tude was subsequently reduced to 0.2F, a slight recovery in cumulative displacement was observed. The unloading stiffness of the pile cap re-
mained largely stable throughout the tests at 0.2F and 0.4F,. In contrast, under 0.6F loading, significant particle rearrangement occurred in the
sand surrounding the piles, which led to a reduction in soil density and stiffness. Subsequent reduction of the load amplitude to 0.2F resulted in a
self-healing effect, where the foundation stiffness showed partial recovery. 4) Similar to the accumulation of displacement, the tilt angle of the
high pile cap increased gradually under cyclic loading at all three amplitude levels. The largest increase in tilt occurred during the initial cycles
following an increase in load amplitude. Under constant-amplitude unidirectional cyclic loading, the tilt angle exhibited a steady increase with
cycle count. When the load amplitude was reduced to 0.2F,, the sand surrounding the piles underwent additional compaction under sustained low-
amplitude cyclic loading, resulting in a slight increase in overall soil stiffness and a corresponding reduction in cap tilt by approximately 0.28°.

Conclusions This study integrates centrifuge physical modeling and finite element numerical simulations to examine the behavior of high-pile
cap foundations subjected to horizontal monotonic and cyclic loading conditions. The research clarifies the load transfer trajectories and distribu-
tion mechanisms among piles within the group. In addition, the study quantitatively evaluates the influence of cycle number and load amplitude
on horizontal displacement, soil stiffness, cumulative deformation, and tilt. Based on the results, the following engineering recommendations are
proposed: 1) Project construction efficiency can be improved by optimizing the bearing capacity through rational reduction in pile length or pile
number without compromising overall safety. 2) The design phase should give particular attention to the bearing capacity of piles oriented in the
predominant wind and wave directions. 3) Although the number of loading cycles affects the unloading stiffness of the pile cap, the influence of
load amplitude is more significant; therefore, foundation stiffness variations under extreme environmental conditions require careful consideration.
Key words: high-rise cap foundation; centrifugal model tests; lateral monotonic and cyclic loading; load transfer and distribution; cumulative
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