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ABSTRACT: Anchor piles have been extensively utilized to support offshore floating platform and must have sufficient
bearing capacity to resist oblique pullout loads transmitted from mooring chains. The bearing capacity of anchor piles under
oblique pullout loads depends on pad eye positions (z/L, L is the pile length). However, the effect of pad eye positions on
the anchor pile response and soil displacement field is still unclear. Based on transparent sand, a series of centrifuge model
tests were performed on the anchor pile subjected to oblique pullout loads. The pile capacity and soil displacement under
different pad eye positions were studied. It shows that with the increase of the pad eye position, the rotation direction of the
anchor pile gradually changed from forward rotation to backward rotation, and the deformation range and displacement
value (especially horizontal displacement) of deep soil increased. Therefore, the pile bearing capacity with z/L = 0.55, 0.67
and 0.75 improved 45%, 76% and 131% of that with z/L = 0.40. As the pad eye position increased from 0.67L to 0.75L, the
pile failure mode transformed from vertically dominated pulling to translation with rotation and lateral deflection, and the
displacement value and ratio of horizontal to vertical displacement increased by 30% and 36% in deep soil, respectively.
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1 INTRODUCTION been effectively solved by the combination of
transparent soil materials and Particle Image
Velocimetry (PIV) technology. Transparent soils
consist of aggregate materials and pore fluids with an
identical refractive index to permit the complete
penetration of visible light. However, the limited
visual range of transparent soil restricts the testing
chamber geometry, leading to the soil stress loss
caused by small-scale models. Centrifuge model tests
can solve the problem by applying centrifugal
acceleration. Previous centrifuge model tests using
transparent soil have been performed to obtain the
plate anchor trajectory during the keying process
(Song et al.,, 2009) and the soil displacement field
during the strip foundation settlement (Black, 2015).
However, the soil displacement field around anchor
piles under oblique pullout load has not been reported.

In this paper, centrifuge model tests through
transparent soil were conducted on the anchor pile
under oblique pullout load. The effect of pad eye
position on anchor pile response and soil displacement
field was investigated. The experimental results aim to
provide technical support for the pad eye design of
anchor piles.

With the development of offshore oil and gas
resources, floating platforms anchored by mooring
chains and pile foundations have been widely used.
Different from other types of pile foundations, anchor
piles are subjected to oblique pullout loads transmitted
from mooring chains. The response of the anchor piles
in sand under oblique pullout loads has been studied
based on centrifuge model tests (Ramadan et al., 2013;
Huang et al., 2020; Santiago et al., 2020). Among
these investigations, the loading points were arranged
near the pile head. However, an embedded pad eye of
anchor piles was always set to resist more
environmental loads. A series of studies have been
conducted to analyze the effect of pad eye position on
suction anchor capacity (Aubeny et al., 2003; Bang et
al., 2011; Gao et al., 2013; Zhao et al., 2019; Cheng et
al., 2021), however, anchor piles have greater aspect
ratio, and there may be different effects of pad eye
position on anchor pile response.

The response of anchor piles under oblique pullout
load depends on the interaction between pile and soil,
however, it is difficult to accurately measure internal
displacement field of soil around the pile by
conventional technical methods. In recent years, the
measurement of internal soil displacement field has
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2 EXPERIMENTAL SETUP

2.1 Testing system

The centrifugal model tests were performed in the
drum geo-centrifuge GT450/1.4 at Dalian University
of Technology. The testing system consists of a testing
chamber, a linear laser, an action camera, steel wire
rope, a load cell and an actuator, as shown in Figure 1.
The dimensions of the chamber were 238 mm (radial
depth) x 330 mm (vertical width) x 424 mm
(circumferential width). The outer wall of the chamber
was made of aluminum, the inner panels and cover
plate were made of transparent plexiglass. The middle
of the bottom plate was equipped with a camera case,
and the middle line of the side plate was equipped with
a movable pulley to adjust the loading angle. The laser
device (FU520AL1200-GD22) was fixed on the
actuator connection plate. The laser wavelength was
520 nm, and the maximum power of the laser device
was 1.2 W. The camera (HERO9 Black) was
ruggedized by the case, with a resolution of 2704 x
2028 pixels and a capture frequency of 50 Hz during
the test. The diameter of the wire rope was 1.0 mm,
and the maximum bearing capacity of the wire rope
can reach 637 N. The load cell (CSF-3A) with a
capacity of 800 N was hinged to the connecting plate,
which ensured the load cell axis was in line with the
loading direction. The test data were collected and
processed in real time using a wireless data acquisition
system developed by the University of Western
Australia.

1-Testing chamber; 2-Linear laser; 3-Action camera; 4-Steel wire; 5-Load cell: 6-Actuator; 7-Connecting plate:
8-Model pile; 9-Transparent soil sample; 10-Camera case; 11-Pulley; 12-Internal panel; 13-Cover plate

Figure 1. Centrifuge model test system on anchor pile based
on transparent sand

2.2 Transparent soil material

The transparent soil used in this paper was made from
fused quartz and pore fluid with an identical refractive
index of 1.4585 at 24°C. The pore fluid was a blend of
N-Paraffin Norpar 12 and White Oil 15 in the weight
ratio of 1:4. The mechanical properties of this
transparent soil are similar to natural sand (Ezzein and
Bathurst, 2011; Guzman et al.,, 2014), and the
transparent sand can form clear speckles under laser

illumination. To improve the visual range, the grain
size of the fused quartz was 0.5~1.0 mm with a
transparency of 15 cm and the curve of grain size
distribution is shown in Figure 2. The minimum and
maximum dry density equaled 0.970 g/cm? and 1.274
g/cm?, respectively. The internal friction angle of the
transparent sand with 70% relative density was 39.4°

(Kong et al., 2015).
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Figure 2. Grain size distribution for fused quartz

2.3 Anchor pile model

Open-ended pipe piles were fabricated from plexiglass
to reduce the laser reflection. Anchor piles were
selected as the anchoring foundation for a floating
production storage offloading vessel at the Grand
Banks of Newfoundland, Canada (Ramadan et al.,
2013). The diameter (d) and length (L) of the anchor
piles were 2 m and 30 m, respectively. According to
the engineering background and testing chamber
dimensions, the diameter and length of the model pile
were 8 mm and 120 mm as large as possible, and the
thickness was 1.5 mm. By referring the optimal pad
eye position of suction anchors in sand, the pad eye
position (z) was 0.40L, 0. 55L 0. 67L and 0.75L away
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2.4 Model preparation and testing procedure

The procedure of centrifuge model tests were as
follows. Firstly, the pile was suspended in the center
of the empty chamber through a guide rod, and the pile
end was 16 mm away from the chamber bottom to
weaken the boundary effect (Georgiadis et al., 1992).
The wire rope was connected to the model pile via the
pad eye and taken over the pulley. Mooring chains
make a vertical angle between 45° and 60° of the pad
eye in deep water (Guo et al., 2018), therefore, an
intermediate loading angle of 53° was selected by
adjusting the pulley level. Secondly, the pore fluid was
slowly poured into the chamber, and the fused quartz
with the specified quality was poured into the pore
fluid. The guide rod was removed when the fused
quartz surface was near the pile head. The model
chamber was put into the vacuum box to remove the
air in the transparent sand sample. Thirdly, a plexiglass
plate was placed on top of the transparent sand, and
vertical static pressure was applied on the plate to flush
the fused quartz surface with the pile head. The
transparent sand sample can achieve a target relative
density of about 70% by controlling the fused quartz
quality and the transparent sand volume. Fourthly, the
model chamber was mounted in the drum channel, and
the other end of the steel wire was connected to the
load cell. Fifthly, the centrifugal acceleration was
raised to reach 50g, and the wire rope was pulled
through the relative rotation between the actuator and
the drum channel to apply a load to the pile. The
relative rotation speed was set at 2.25°/100 s to ensure
drained conditions (Dyson and Randolph, 2001). The
conditions of the centrifuge model test are summarized
in Table 1.

Table 1. Summary of centrifuge model tests

L/d Loading Loading Pullout bearing
position (z/L) angle (°) capacity (KN)
0.40 53 127.33
15 0.55 53 184.72
0.67 53 223.92
0.75 53 294.14

3 RESULTS AND DISCUSSION

3.1 Load—displacement curves

The variation of pullout load with total displacement
of pad eye under different pad eye positions is shown
in Figure 4. It is noted that all the test results were
presented at prototype scale. It was apparent that the
load-displacement curves had nonlinear characteristics
and could be roughly divided into three stages, namely
the initial stage, the transition stage and the final stage.
In the initial stage, the load on the anchor pile
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increased rapidly with the increase of pad eye
displacement. In the transition stage, the load
continued increasing with the displacement, but the
increasing velocity of the load gradually decreased. In
the final stage, when the pad eye position was no more
than 0.67L, the load almost no longer changed with the
increasing displacement because the pile was pulled
out, and the load-displacement curves had a stable
stage. However, when the pad eye position was 0.75L,
the load kept increasing, and the load-displacement
curve had no obvious yield point. In addition, the
pullout load on the pile improved with the pad eye
depth at the same pad eye displacement, and the
pullout load significantly increased when the pad eye
depth varied from 0.67L to 0.75L. It can be indicated
that the failure mode of the pile changed from
vertically dominated pulling to vertical and horizontal
translation with rotation as the pad eye position varied

from 0.67L to 0.75L.
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Figure 4. Load-displacement curves with different pad eye
positions

3.2 Pullout bearing capacity

The pullout bearing capacity of the pile can be
evaluated from the load-displacement curves.
According to Bhardwaj and Singh (2014), for a curve
with a stable stage, the pullout bearing capacity was
obtained at the point on the curve where a large
displacement derived for a small increment of load.
For a curve without an obvious yield point, the pile
capacity was taken as the load corresponding to the
intersection of the two tangent lines drawn through the
initial and final stage of the curve. Based on the
methods, the pullout bearing capacity was determined,
as shown in Table 1. With the increase of pad eye
depth, the bearing capacity of anchor pile gradually
increased. Compared with the pile loaded at z = 0.40L,
the pile bearing capacity increased by 0.45 times, 0.76
times and 1.31 times in that with z = 0.55L, 0.67L and
0.75L, respectively. Bang et al. (2011) conducted
centrifuge model tests on suction anchors in sand, and
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the effect laws of the pad eye position on the pullout
capacity were in agreement with the results from this
study. In the anchor pile design, the pad eye should be
arranged at the lower part of the anchor pile, which can
provide sufficient bearing capacity to resist
environmental loads.
The pad eye position determined the pile rotation,
affecting the bearing capacity of the anchor pile. In
order to reveal the influencing mechanism of the pad
eye position on the pile bearing capacity, the model
pile profiles under the initial condition and peak load
were compared, as shown in Figure 5. The figures
represented the model with a pad eye position of
0.40L, 0.55L, 0.67L and 0.75L from left to right. The
motion mode of anchor pile included horizontal and
vertical translation with overall rotation, and lateral
deflection of the pile occurred when z/L = 0.67 and
0.75. When z/L = 0.40 and 0.55, the anchor pile rotated
towards the loading side (forward rotation). As the pad
eye depth increased from 0.40L to 0.55L, the rotation
angle of the anchor pile decreased and the translation
direction was closer to the horizontal. As a result, more
passive earth pressure was mobilized by the anchor
pile, which improved the pile bearing capacity. When
z/L =0.67 and 0.75, the anchor pile rotated to the non-
loading side (backward rotation), and the horizontal
displacement at the pile bottom was large, which fully
mobilized the passive earth pressure of deeper soil.
When z/L = 0.40 and 0.55, the horizontal displacement
at the pile head was large, and the passive earth
pressure of shallow soil was mobilized. Therefore, the
bearing capacity of anchor pile is higher when z/L =
0.67 and 0.75. As the pad eye depth increased from
0.67L to 0.75L, the total rotation angle of the pile
bottom caused by lateral deflection and overall
rotation decreased, and the horizontal displacement of
the pile bottom increased about 24%. Therefore, the
passive earth pressure in deep soil could be more fully
mobilized, improving the bearing capacity of the
anchor pile. The pile rotation feature with the pad eye
position was consistent with the findings of previous
studies on suction anchor performances in clay (Guo
et al.; 2018; Xiong et al., 2024).
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Figure 5. Pile motion modes with different pad eye positions

3.3 Soil displacement field

The speckle field images of the transparent sand
sample were captured during the testing process.
Afterwards, the two-dimensional soil displacement
field on the loading side of the pile was calculated
using PIVview2C software. The pile with pad eye
positions of 0.67L and 0.75L under the maximum
pullout load was taken as the example, and the soil
displacement vector and contour are shown in Figure
6. The horizontal distance (x), the soil depth (z) and the
soil displacement were normalized by the pile
diameter.
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Figure 6. Normalized soil displacement vector and contour
under different pad eye positions

Regardless of the pad eye positions, the soil moved
away from the pile and upwards. The largest soil
displacement was around the pad eye. The soil
displacement was gradually decreased with the
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increasing of the horizontal distance between the pile
and the soil and the increasing distance between the
pad eye and the soil in the depth direction. At z/L =
0.67, the obvious soil displacement was located at
0~1.6d away from the pile side and 6.3~10.7d below
the soil surface. As the pad eye depth increased from
0.67Lto 0.75L, the value and zone of soil displacement
decreased at 0~6.5d below the soil surface. However,
the soil influence range and displacement value
(especially horizontal displacement) increased when
the soil depth exceeded 10.8d. The soil displacement
increased by 0.30 times and the ratio of horizontal
displacement to vertical displacement increased by
0.36 times. The effective stress and deformation
modulus of deep soil were greater than that of shallow
soil, which could provide greater soil resistance to the
anchor pile. Therefore, the bearing capacity of anchor
pile gradually increased with the pad eye depth.

4 CONCLUSIONS

In this paper, centrifugal model tests combined with
transparent sand were performed to study the anchor
pile response and soil displacement field under oblique
pullout load, and the influence of pad eye position on
the test results was analyzed. The main conclusions
were summarized as follows:

Regardless of pad eye position, it was apparent that
the load versus displacement behavior was nonlinear.
The pile pushed the soil to move outwards and
upwards, and the largest soil displacement was around
the loading point. With the increasing pad eye depth,
the rotation direction of the anchor pile gradually
changed from forward rotation to backward rotation,
and the influence range and displacement (especially
horizontal displacement) of deep soil increased,
leading to higher pullout bearing capacity. Compared
with the bearing capacity of the pile with z/L = 0.40,
the pile capacity increased by 0.45 times, 0.76 times
and 1.31 times when z/L = 0.55, 0.67 and 0.75,
respectively. As the pad eye depth increased from
0.67L to 0.75L, the failure mode of anchor piles
changed from vertically dominated pulling to
combined mode, the displacement value and ratio of
horizontal to vertical displacement of deep soil
increased by 0.30 times and 0.36 times, respectively.

This paper aims to offer initial introduction about
the relationship between the soil displacement field
and anchor pile response under different pad eye
positions. The effects of installation methods, aspect
ratios, pile flexibility and loading angles need to be
further studied.
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