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Study on the Bearing Capacity of PVC Suction Caisson for Marine
Aquaculture Cage under Monotonic Inclined Loading
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Abstract: As marine aquaculture cages are increasingly deployed in deeper waters, conventional foundation solutions
are confronted with growing challenges associated with high installation and maintenance costs. This study proposes a
corrosion-resistant, lightweight, high-strength, and low-cost PVC-made suction caisson for floating marine aquaculture
cages in deep waters. A series of model tests were conducted to investigate the monotonic inclined bearing behavior of
PVC suction caissons in sand, considering the influences of the aspect ratio and loading angle on the inclined bearing
capacity and failure modes. The optimal loading angle is around 16° and the optimal suction caisson aspect is
approximately 2.0, offering the highest bearing capacity at relatively small displacements. As the aspect ratio decreases
or the loading angle increases, the motion behavior shifts from rotational failure to vertical pull-out failure. In addition,
the PVC material exhibits a high safety margin in caisson wall strength around the loading point. Results also show that
under the same inclined bearing capacity, the PVC suction caisson is the most cost-effective foundation type compared
with the steel-made suction caisson and the gravity-base foundation. The application of PVC suction caissons in deep
waters for marine aquaculture cages mooring systems exhibits sufficient reliability and promising prospects.

Keywords: PVC suction caisson, inclined pull-out capacity, motion behaviors, structural strength.

1. INTRODUCTION

Global marine aquaculture production reached 39.8
million tons accounting for 37.3% of total aquaculture
production [1]. As marine aquaculture cages advance
into deep waters, cage systems will face significantly
enhanced environmental loads from wind, waves, and
currents [1]. In deep waters, the control load of the
mooring system is the inclined load. Traditional
mooring systems primarily employ gravity-based
foundations [3], pile foundations [4], and steel suction
caissons [5] (Figure 1). These types of foundation
exhibit limitations in deep waters: gravity-based
foundations rely on self-weight to provide bearing
capacity; however, under deep waters conditions, the
massive concrete blocks are difficult to transport and
install. In addition, gravity-based foundations impose
high requirements on seabed bearing capacity. In soft
clay, gravity-based foundations tend to experience
settlement and loss of stability. The steel pile
foundations can provide high bearing capacity.
However, they suffer from severe corrosion in marine
environments [6]. Even with coatings and cathodic
protection measures, steel pile foundations in harsh
marine environments may lose 0.1-0.3 mm of
cross-sectional thickness annually which are sufficient
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to undermine the bearing capacity of foundation
structures within 10-20 years [7]. Protective coatings
require regular maintenance and cathodic protection
systems  necessitate = monitoring and anode
replacement. These maintenance measures increase
lifecycle costs, particularly in deep waters where
implementation is extremely difficult.

Suction caissons are thin-walled cylindrical
structures with a closed top and an open bottom,
relying on the applied suction to achieve fast
installation. Suction caissons have become one of the
mature foundations in deep waters, particularly widely
applied for fixing offshore wind turbines and platforms
[8]. However, compared with offshore wind turbines,
marine cage aquaculture has lower construction costs
and requires lower requirements for foundation bearing
capacity. The economic advantages of high-costs and
high-load-bearing steel suction caissons in marine
cage aquaculture are not obvious. Furthermore, the
maintenance cost of the steel suction caisson is high,
which further increases the continuous cost investment.
Therefore, developing novel foundation materials that
are lightweight, corrosion-resistant, easy to construct
and cost-effective has become a critical technical

problem urgently requiring resolution in marine
aquaculture engineering.
Considering the lightweight and corrosion

resistance of PVC, together with the high bearing
capacity of suction caissons, this study proposes the
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Figure 1: Diagrams of the gravity-based foundation, the pile foundation and the steel suction caisson.

PVC suction caisson as an innovative solution in deep
waters. For mooring systems, the load at the padeye
between the mooring chain and the caisson typically
exhibits a significant inclination angle. In service
conditions, suction caissons used for anchoring marine
cages are subjected to inclined loads resulting from the
combined action of waves and currents. Houlsby et al.
[9] have established the yield envelope method for
suction caissons under combined loading, laying the
foundation for bearing capacity assessment under
general loading conditions. Liang et al. [11] have
investigated the bearing capacity of suction caissons
under different inclined loading rates and loading
depths through model tests. The suction under the lid
plate rapidly increases as the loading rates change
from 0.4 to 5 mm/s. Yang et al. [12] have studied the
suction caissons bearing capacity in sand-over-clay by
numerical simulation and proposed a calculation
method for the inclined uplift bearing capacity of
suction caissons at different soil layer positions. Cheng
et al. [13] have employed a modified Mohr-Coulomb
model to study the inclined uplift bearing capacity of
suction caissons in calcareous sands, concluding that
the padeye depth should be 0.6-0.7 times the
foundation height and the loading angle should not
exceed 30°. Bi [14] has determined that the angle
between the mooring cable and the seabed should
range between 8° and 24° through numerical
simulation and theoretical derivation. Bai et al. [15]
have investigated the motion patterns of skirted suction
caissons under inclined loading through model tests
and numerical simulation, establishing the relationship
between the loading angle, padeye position, and the
motion patterns of suction caissons.

PVC has been used in marine structures such as
pile foundations and breakwater columns. [16].
Compared to steel, PVC has the characteristic of
resistance to seawater corrosion, anti-biofouling, low
cost, and ease of processing and molding [19]. In
addition, PVC material is lighter than steel, which

reduces the construction difficulty and transportation
costs. Therefore, PVC materials have a promising
application  prospect in  low-capacity = marine
environments. In marine engineering, PVC can serve
as a material for structures such as marine pile
foundations and breakwater columns [16]. Li et al. [20]
have found that stress concentration in suction
caissons occurs at the welding roots of the padeye and
anchor walls by carrying out finite element simulation.
In addition, stress magnitude is linearly influenced by
padeye position, mooring load, and non-linearly
affected by chain lift angle and the caisson deviation
angle. Davies et al. [21] have discovered that PVC
materials exhibit stable impact response and
predictable energy absorption, demonstrating good
flexibility through the drop hammer impact test.

Unlike conventional steel-made suction caissons,
the application of PVC to suction caissons for
aquaculture  mooring systems remains largely
unexplored in the literature. The PVC-made suction
introduces fundamentally different design
considerations: low stiffness, susceptibility to structural
failure, and different interface friction characteristics
that current design theories, primarily developed for
steel caissons, cannot directly address. To address
these limitations, this study aims to investigate the
feasibility of using PVC suction caissons as mooring
foundation for marine aquaculture cages. By applying
monotonic loads, the bearing capacity, motion
behaviors, and structural stability are examined. This
work provides reference value for the application of
PVC suction caissons in marine aquaculture cage
systems.

2. MODEL TESTS SET-UP

2.1. Suction Caissons Models

Figure 2 gives the diagram of suction caisson model.
The suction caisson models were made at a scale of
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(a )Diagram of suction caisson models

Figure 2: Suction caisson models.

1:20 relative to the prototypes with identical sidewall
material quantities and varying aspect ratios. The lid of
each suction caisson features two drainage holes.
During testing, the hole connected to the vacuum pump
is sealed to achieve internal closure of the suction
caisson. For all caisson models, the loading point is
located at two-thirds [13] of the caisson height from the
lid. Strain gauges are attached around the loading point
at orientations of 0°, 45°, and 90° (showed in Figure 2a
to record strain during loading. Both the strain gauges
and wiring are waterproofed to ensure they remain
unaffected by water throughout the testing process.
Tables 1 and 2 present the geometric and mechanical
parameters of the suction caissons.

2.2. Test Apparatus

The schematic of the test apparatus is shown in
Figure 3a. The cylindrical steel soil tank of an inner
diameter of 1.0 m and a height of 1.0 m is equipped
with a drain valve at the bottom. The bottom of the tank
is lined with a 10 cm layer of gravel and geotextile. The
loading rig consists of a lateral servo actuator that
provides monotonic inclined loads. The lateral servo
actuator is equipped with a linear variable
displacement transducer (LVDT) and a force
transducer at the head of the rod. The force transducer
is connected to a cable, which passes through a pulley

Table 1: The Suction Caisson Model Geometric Parameters

(b) Sketch of suction caisson model

and fixed to the loading point of the suction caisson.
Since changes in the buoyancy of the float balls have
minimal impact on the maximum cable tension, pulleys
are used to replace the float balls [21]. Based on elastic
similarity theory, a 0.9 mm nylon rope is used for the
cable to accurately replicate the cable stress state. The
loading angle can be adjusted by changing the height
of the servo actuator and the position of the pulley. Two
LVDTs are mounted on a guide rail via sliders, with the
probes fixed to the suction caisson lid. When the
suction caisson moves horizontally, the LVDTs will
undergo corresponding horizontal displacement along
the guide rail as the suction box moves. A laser
displacement transducer is affixed to the guide rail to
measure horizontal displacement of the LVDT. Thus,
the three transducers can capture the motion behavior
of the suction caisson.|

2.3. Sand

The fine marine sand used in the tests was from
Qingdao. The physical and mechanical parameters of
the sand are presented in Table 3. During sand
preparation, the sand was uniformly deposited into the
tank, maintaining the water level above the sand
surface throughout the deposition process. To ensure
repeatability, the sand within a depth of twice the
caisson height was stirred and loosened before each

Height H Outer diameter D (mm) Aspect ratio Wall thickness t, (mm) Lid thinness Weight W (N)
(mm) t; (mm)
400 50 8.0 3 3.1
200 100 2.0 3 5 3.6
100 200 0.5 3 5.2

Table 2: The Suction Caisson Model Mechanical Parameters

Material Elastic modulus E (GPa)

Poisson ratio v

Yield strength o (MPa) Density p (g/cm®)

PVC 3.0 0.38

45 1.4
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(a) Overview of test apparatus

Figure 3: Test apparatus.

Table 3: The Physical and Mechanical Parameters of the Sand

(b) Transducers layout

gs:'::i(:;:lgf ?r:]tg:'i:r Coefficient of Coefficient of Relative Bl::gigm l;f"t Savtt:i'g:]etdyumt zsz:;;?:mtx
. . B sat
solids G, friction ¢ (°) uniformity C, | curvature C. | density D | " \o) (kN/mm’) (mmls)
265 24 118 0.965 0.96 9.98 19.78 0.002

test. Subsequently, water was added until the water
level reached the top edge of the model box. Then the
drainage valve was opened to lower the water level to 2
cm above the sand surface. This method was repeated
twice to achieve a uniform degree of consolidation for
the sand.

2.4. Test Procedure

Since the PVC density is only slightly higher than
that of water, self-weight penetration cannot achieve
internal seal state. In addition, the PVC suction caisson
wall thickness is greater than that of a steel suction
caisson. Therefore, the suction caissons were installed
by jacking force and applied suction. The jacking force
of 100 N was applied to the suction caisson lid. When
the penetration depth no longer changed, the drainage
hole was connected to the vacuum pump, and a
pumping rate of 300 mL/min was maintained. Suction
was stopped when sand particles appeared in the
water extracted by the intelligent peristaltic vacuum
pump, and penetration was considered complete. The
soil plug height p of each suction caisson was
measured and summarized in Table 4.

Table 4 shows that as the aspect ratio increases,
the soil plug height ratio to caisson height also
increases. The reason is that to ensure the structural

Table 4: The Test Cases

rigidity and strength of the PVC suction caisson, the
wall thickness had to be increased (approximately 3—6
times that of a suction caisson of the same size). This
causes the tip resistance to increase more rapidly with
depth during the penetration. Moreover, the side
friction increases quadratically with depth [10], both of
which are unfavorable for the penetration of slender
suction caissons. The tests were conducted under 1-g
gravitational field conditions. The soil exhibited
significant dilatancy, which led to a higher soil plug than
that for the porotype suction caisson.

After penetration, the drainage hole was sealed.
Then the caissons were left undisturbed in the sand
substrate for a 1 h, allowing for full dissipation of
excess pore pressure. To ensure repeatability, each
test was performed at least three times. Table 4 also
gives the loading parameters for the tests. The loading
angle a is defined as the angle between the mooring
line and the horizontal plane.

3. RESULTS AND DISCUSSIONS
3.1. Inclined Pull-Out Bearing Behavior

Kelly et al. [24] have established a dimensionless
method to link small-scale test results with practical
engineering data. All the test results in are presented in

Aspect ratio | Soil plug height p (mm) Soil plug height ratio (%) Loading angle a (°) Monotor;:\c;':;:;iing rate
8.0 48 12.0 24
24
2.0 21 10.5 16 1.0
8
0.5 10 10.0 24
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Figure 5: Relationships between passive suction and displacement curves.
the normalized form. The displacement of loading point dimensionless displacements of 0.3 and 0.6,

w is normalized as w/D, where D is the diameter of the
suction caisson. The inclined load is normalized as
V/2TrR3y’, where Vis the inclined load. R is the suction
caisson radius. y' is the soil buoyant unit weight. In
addition, the passive suction is normalized as P/‘ITR2,
where P is the peak passive suction. The
dimensionless inclined load versus displacement
curves for suction caissons with different aspect ratios
under inclined loading are summarized in Figure 4, and
the dimensionless passive suction variation versus
displacement curves are summarized in Figure 5.

As shown in Figure 4a, both the suction caisson
inclined bearing capacity and the corresponding
displacement decrease as the aspect ratio increases.
In this study, the stage where the inclined load
increases linearly with displacement is the initial
loading stage. At the initial loading stage, the inclined
load with the caisson aspect ratio of 0.5 increases
fastest, while the one with the caisson aspect ratio of
8.0 increases slowly. Subsequently, the inclined load
reaches a peak value. Then the inclined load either
decreases or remains constant with increasing
displacement. For suction caissons with aspect ratios
of 2.0 and 0.5, the inclined load decreases after

respectively, indicating possible local failure or sand
softening. Whereas the inclined load of suction caisson
with an aspect ratio of 8.0 exhibits no obvious peak
value. The failure mode tends to be more progressive.
This indicates that suction caissons with different
aspect ratios have distinct failure modes, as discussed
in Section 3.3.

According to Figure 4b, for suction caissons with an
aspect ratio of 2.0, a smaller loading angle corresponds
to a higher pull-out bearing capacity. However, different
loading angles do not linearly affect the inclined load
growth rate with displacement: when a=16°, the growth
rate is the highest; when a=8° and a=24°, the growth
rate are the same and lower than that when a=16°. As
a result, although the inclined pull-out bearing capacity
is largest at a loading angle of 8°, the corresponding
displacement is already close to one caisson diameter.
This indicates that a smaller loading angle has a
pronounced effect on bearing capacity at large
displacements.

Figure 5 shows the passive suction variation versus
displacement curves. Under monotonic inclined loading,
passive suction was developed inside all suction
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(a) Steel suction caisson

(b) Gravity-based foundation models

Figure 6: Steel suction caisson and gravity-based foundation models.

Table 5: The Geometric Parameters of Steel Suction Caisson and Gravity-Based Foundation

i i i Lid thinness
Material Outer diameter D Side length Aspect ratio Wall thickness t, I 1 Weight W(N)
(mm) (mm) (mm) t, (mm)
Steel 100 - 2 10 17.5
- 200 - - 196
Concrete
- 250 - - 392

caissons. However, no passive suction was generated
when the dimensionless loading point displacement is
less than of 0.1 (Figure 5). This is because at the initial
stage of loading, the load displacement is mainly used
to tension the cables. Under the circumstances, no
relative displacement occurs between the sand and the
caisson. Consequently, passive suction does not
develop. Comparing Figures 4 and 5, the inclined load
and passive suction exhibit generally consistent trends,
and two peak positions are close.

3.2. Bearing Capacities of Various Foundation
Types

The bearing capacities of three foundation types
(PVC suction caisson, steel suction caisson, and
concrete gravity-based foundation) under monotonic
inclined loading were investigated through model tests.
Figure 6 shows the steel suction caisson and
gravity-based foundation models. The geometric
parameters are shown in Table 5. The steel suction
caisson aspect ratio is 2.0. Since the inclined bearing
capacity is mainly provided by the passive earth
pressure, the self-weight of the suction caisson has
little impact on the bearing capacity. The gravity-based
foundation models are 20 kg and 40 kg cubic concrete
blocks.

Figure7 shows the inclined load-displacement
curves. The steel suction caisson has a wall thickness
of 1.0 mm, with all other geometric dimensions identical
to those of the PVC suction caisson.

20 T T
s PV C suction caisson 4=2.0
=== Steel suction caisson 4=2.0
= 40kg Concrete gravity-based anchor|
s PVC suction caisson 4=8.0
20kg Concrete gravity-based anchor| —

—
w

Inclined load (V/2pR*")
S
L

l

0 i 1 i 1 i 1 i 1 i
00 02 04 0.6 08 10

Displacement (w/D)

Figure 7: Inclined load-displacement curves for different
material foundations.

Results show that all three foundation types exhibit
typical elastoplastic load-displacement curves. At the
initial loading stage, the inclined load increases
approximately linearly with the loading point
displacement, with the sand in an elastic compression
state. When the load approaches the ultimate bearing
capacity, the curve shows an obvious peak. The sand
around the foundation then gradually enters a plastic
failure stage, leading to an inclined load drop.

The steel and PVC suction caissons with an aspect
ratio of 2.0 exhibit nearly identical inclined pull-out
behavior. The steel suction caisson has a slightly lower
inclined pull-out bearing capacity. The loading point
displacement at the peak inclined load is slightly larger
than that of the PVC suction caisson. This indicates
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that, within a certain material hardness range under
inclined pull-out loading, the inclined load-
displacement curve is not significantly affected. Due to
its flexibility, the PVC material allows better
development of passive earth pressure on the tension
side sand, resulting in a slightly higher inclined pull-out
bearing capacity than that of the steel suction caisson.
Since this difference is not substantial, the design data
of steel suction caissons can be referenced when
designing PVC suction caissons.

The concrete gravity-based foundation provides
inclined load through its self-weight and base friction.
As seen in Figure 5, the loading point displacement at
the peak inclined load of the concrete gravity base is
smaller than that of the suction caissons. As the
loading point displacement increases, the concrete
gravity base inclined load decreases and then
stabilizes. The reduction magnitude is smaller than that
of the suction caisson with an aspect ratio of 2.0. The
20 kg concrete gravity base has a slightly larger
pull-out bearing capacity than the PVC suction caisson
with an aspect ratio of 8.0; the 40 kg concrete gravity
base has a slightly smaller inclined pull-out bearing
capacity than the PVC suction caisson with an aspect
ratio of 2.0.

Based on a 1:20 scale ratio, the cost comparison of
the three prototype foundations made of different
materials is summarized in Table 6.

A direct comparison of the cost data shows that the
economic  performance of foundations varies
significantly with material and structural type. The
concrete gravity-based foundation has a very low
material unit price, giving it a certain advantage in raw
material cost. The gravity-based foundation only
requires coating and crack repair. The maintenance
cost only accounts for 1% of the construction cost.
However, its self-weight is extremely large. This
excessive weight greatly increases construction
difficulty and imposes stringent demands on seabed
bearing capacity, thus requiring additional soil
treatment and reinforcement. Moreover, the
construction process of a concrete gravity-based
foundation involves multiple steps such as on-site

Table 6: Cost Comparison

casting, curing, and lowering, leading to a long
construction period and high labor and machinery input.
Under long-term seabed current scouring, the sand
around the base is prone to erosion and hollowing,
which significantly reduces the bearing capacity.
Consequently, the structural stability and service safety
are difficult to ensure in the long term.

The traditional steel suction caisson features high
structural strength, convenient penetration construction,
and excellent deformation inclined load. Nevertheless,
its material unit price and total weight are both high,
making the raw material cost far higher than those of
the other two solutions. Steel is also susceptible to
corrosion in the high-salt, high-humidity, and highly
corrosive marine environment, requiring dedicated
anti-corrosion coatings and regular maintenance
measures. For the steel suction caisson, in addition to
the annual visual inspection, a detailed underwater
inspection is required every 5 to 10 years. This further
increases the full-lifecycle operation and maintenance
cost. For engineering applications with low bearing
capacity requirements, such as marine aquaculture
cages, the economic advantage of the steel suction
caisson is difficult to realize.

In contrast, the PVC suction caisson demonstrates
outstanding overall cost-effectiveness. Under the
same dimensions, the raw material cost of a PVC
suction caisson is only 10.8% of that of a steel suction
caisson. Under equivalent bearing capacity conditions,
its cost is 17.2%-29.7% of that of a concrete gravity
base, showing a remarkable cost control advantage.
The PVC suction caisson is the lightest in weight, yet it
possesses excellent inclined pull-out bearing capacity.
This fully demonstrates its significant advantages and
practical value in engineering. Furthermore, the low
density and light weight of PVC greatly reduce the
difficulty and cost of transportation, lifting, further
enhancing the overall economic benefit. In addition,
PVC material has excellent corrosion resistance and
only requires routine inspections; no additional
corrosion prevention measures are necessary.
Considering material cost, construction efficiency,
maintenance difficulty, and marine environmental
adaptability, the PVC suction caisson well balances

Aspect Loading angle Material Unit Price Quality Material Cost Installation Cost (thousand
ratio a(®) (USD/ton) (tons) (thousand USD) USD) [25]
2.0 PVC 750 2.94 2.2 4.4
2.0 Steel 500 40.80 20.4 60.7
- 24 Concrete 40 320 12.8 9.8
8.0 PVC 750 2.53 1.9 2.8
- Concrete 40 160 6.4 4.9
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structural bearing capacity and engineering economy.
It is therefore a cost-effective foundation solution that
meets the anchoring requirements of marine
aquaculture cages.

3.3. Suction Caisson Motion Behavior during
Loading

A coordinate system was established with the
pre-loading midpoint of the suction caisson lid as the
origin, as shown in Figure 1b. This origin are fixed
during the loading process. LVDTs were placed at
positions x4 and xz, with corresponding vertical
displacements v; and v,. The laser displacement
transducer measures the horizontal displacement (h) of
the LVDTs. The vertical displacement of the suction
caisson lid midpoint is calculated using Eg.(3).
Because the caisson rotation angle was small, h was
directly taken as the horizontal displacement of the
origin.

Ax = V2X1—V1X2 (3)

X1—X2

Ay =nh (4)

The rotation angle was obtained using Egs. (5)—(7).

sing = 22 (5)

X1—X2
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Figure 8: Suction caisson lid midpoint displacement diagram.
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The vertical and horizontal displacements of the lid
midpoint are summarized in Figure 8, and the rotation
angle is summarized in Figure 9.

As shown in Figures 8 and 9, suction caissons with
different aspect ratios exhibit different Motion behaviors
under different loading angles. When the loading angle
is 24°, the vertical displacement increases as the
aspect ratio increases, while the horizontal
displacement decreases. Among them, the suction
caisson with an aspect ratio of 8.0 exhibits a
predominantly vertical pull-out failure mode. The
suction caisson with an aspect ratio of 2.0 exhibits a
combined vertical pull-out and rotation failure mode.
The suction caisson with an aspect ratio of 0.5 exhibits
a predominantly rotation failure mode.
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For a suction caisson with an aspect ratio of 2.0, a
larger loading angle leads to larger vertical and
horizontal displacements. At loading angles of 24° and
16°, the suction caisson exhibits a combined vertical
pull-out and rotation failure mode. At a loading angle of
8°, it exhibits a predominantly rotation failure mode.
The vertical displacement of the suction caisson
generates significant passive suction, which explains
why the passive suction is more pronounced at larger
aspect ratios and larger loading angles in Figure 5.

When the loading angle is 24°, the cumulative
rotation of the suction caisson increases as the aspect
ratio decreases. The caisson with an aspect ratio of 8.0
barely rotates. The caisson with an aspect ratio of 2.0
exhibits a small clockwise rotation. The caisson with an
aspect ratio of 0.5 exhibits a clockwise rotation of
0.09rad. This is because a suction caisson with a
larger aspect ratio has a greater embedment depth,
where the passive earth pressure is stronger.
Consequently, the caisson cannot easily rotate, and its
motion is dominated by vertical pull-out. In this case,
the side friction and passive suction determine the
upper limit of the suction caisson pull-out bearing
capacity.

For a suction caisson with an aspect ratio of 2.0, the
cumulative rotation decreases as the loading angle
decreases. When the loading angle decreases from
24° to 8°, the cumulative rotation increases from
0.009rad to 0.460rad. When the loading angle
becomes smaller, the vertical uplift force decreases,
and the horizontal force increases. The failure mode
then changes from vertical pull-out to rotation.
Although a larger loading angle can save mooring line
and space costs, it induces a larger vertical uplift force.
Because the friction coefficient between PVC material
and the sand is lower than that between steel and the
sand, the PVC suction caisson cause a greater vertical
displacement compared to the steel suction caisson. In
this case, the horizontal passive earth pressure is not
fully mobilized. Therefore, the suction caisson bearing
capacity can be increased by appropriately reducing
the loading angle.

The changes of the rotation center position with the
loading point displacement are summarized in Figure
10.

When the rotation center lies inside the suction
caisson, the motion behavior can be considered
rotation-dominated. When the rotation center lies
outside the suction caisson, the motion behavior can

be considered a combination of rotation and translation.

When the rotation center is infinitely far away from the
suction caisson, the motion behavior is pure
translation.

Except for the suction caisson with an aspect ratio
of 0.5, all suction caissons rotation center heights are
near the lid height. As the loading point displacement
increases, the rotation center gradually moves in the
negative x-axis direction. Thus, these suction caissons
initially undergo rotation-dominated motion. With
increasing loading point displacement, they gradually
change to a combined rotation-translation mode and
eventually to pure vertical translation.

For the suction caisson with an aspect ratio of 0.5,
the rotation center lies inside the caisson when the
loading point displacement is less than 0.3. As the
displacement increases, the rotation center
continuously moves upward, eventually resulting in a
combination of rotation and horizontal translation.

In Figures10a,b, andc, the calculated rotation
centers within the range are relatively few, and the
corresponding displacements are all less than 0.5. This
is because when the suction caisson undergoes pure
translation, the rotation center theoretically lies at
infinity and cannot be shown in figures. Combined with
Figures10d ande, it can be seen that a suction
caisson exhibiting rotation failure has more identifiable
rotation center points than one exhibiting vertical
pull-out failure.

Based on the above research, the optimal loading
angle is around 16° and the optimal suction caisson
aspect is approximately 2.0. the determination of the
optimal aspect ratio and loading angle is based on four
parameters including the bearing capacity, the
displacement corresponding to the bearing capacity,
motion behavior and installation. The bearing capacity
is evaluated using the peak inclined pull-out resistance
as the primary indicator of ultimate limit state
performance. In  addition, the displacement
corresponding to the inclined uplift bearing capacity
should not be excessive, as excessive displacement
will cause the cage to deviate from its predetermined
position. The motion behavior is assessed based on
the caisson movement mode, with vertical pull-out
failure considered less favorable than rotation failure.
Installation is another important consideration. The
aspect ratio of 0.5 may compromise the internal sealing
of the suction caisson, whereas the aspect ratio of 8.0
increases side friction makes installation more difficult.

3.4. Sand Deformation around Suction Caissons

Figure 11 shows the post-loading sand deformation
around PVC suction caissons with different aspect
ratios.

The sand deformation around the suction caisson is
significantly influenced by the aspect ratio. The suction
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Figure 10: The rotation center position variation.

caisson with an aspect ratio of 8.0 exhibits vertical
pull-out  behavior, with  negligible horizontal
displacement and rotation. Consequently, its
surrounding sand deformation pattern is completely
different from that of suction caissons with aspect ratios
of 2.0 and 0.5. Although Figure 11a shows some heave
on the front side relative to the rear side, the heave
boundary is unclear and barely distinguishable by the
naked eye, and the heave height is small. Therefore,
the suction caisson with an aspect ratio of 8.0 has a
minor effect on the surrounding sand. By contrast,
suction caissons with aspect ratios of 2.0 and 0.5 both
exhibit sand heave on the front side and sand

settlement on the rear side. The heave zone is larger
than the settlement zone. For the suction caisson with
an aspect ratio of 2.0, the heave zone extends up to
2.5 times the caisson diameter, and the settlement
zone extends up to about 1.3 times the caisson
diameter. Both zones are nearly circular. For the
suction caisson with an aspect ratio of 0.5, both the
heave zone and the settlement zone are elliptical. The
heave zone has a major axis up to 2 times the caisson
diameter and a minor axis up to 1.3 times the diameter.
The settlement zone has a major axis up to 1.3 times
the caisson diameter and a minor axis about 1 time the
diameter.
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(a) 2=8.0
Figure 11: Sand deformation around the suction caisson.
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Figure 12: Strain around loading points.
3.5. Strain at Loading Point

The strength of PVC is lower than that of steel.
Under loading, the caisson wall strain at the loading
point may experience stress concentration, leading to
structural failure. Therefore, for a PVC suction caisson,
sand failure and structural failure must be considered.
Figure 12 shows the axial and hoop caisson wall strain
at the loading point.

Tensile hoop strain and compressive axial strain are
developed at the loading point. Since the 45° strain
value lies between the axial strain value and the hoop
strain value, it has no impact on the stress calculation,
the 45° strain value is no longer displayed. From
Figure12, at a loading angle of 24°, the maximum
strain increases as the aspect ratio decreases. The
caisson with an aspect ratio of 8.0 exhibits the smallest
strain. For the caisson with an aspect ratio of 2.0, the
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loading point strain reaches 600 pg, with the axial strain
larger than the hoop strain. For the caisson with an
aspect ratio of 8.0, the loading point strain reaches
1000 pe, with the hoop strain larger than the axial strain.
This is because, for a thin-walled cylinder, the ability to
resist local axial force depends mainly on its curvature
and wall thickness. A smaller diameter gives a larger
curvature and thus a stronger inclined load to flattening.
For a cylinder with a larger diameter, the curved wall is
flatter, making it more prone to local indentation and
bending under external force, leading to a sharp
increase in stress and strain in that region. Therefore, if
the suction caisson stiffness is insufficient, the caisson
stiffness can be increased by increasing the aspect
ratio as long as the bearing capacity requirement is still
met.

Figure12b shows the loading point strain under
different loading angles. Comparing Figures12b
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Table 7: The Verification Results of Various Aspect Ratio and Loading Angle

Aspect ratio Loading angle a(®) 01-03 (MPa) Yield strength o(MPa) Safety factor
8.0 24 0.284 158.5
24 2.256 19.9
2.0 16 2.407 45 18.7
8 2.408 18.7
0.5 24 3.575 12.6

and 4b, the peak inclined load of the suction caisson
occurs at the same loading point displacement as the
peak strain. Moreover, the order of the peak strain
magnitudes is consistent with the order of the pull-out
bearing capacities of the corresponding caissons.

For the isotropic material, the generalized Hooke's
law under plane stress conditions is:

0y = — (&5 + V) (10)
E
0y = (& T V&) (11)

_E _E (2¢
Tay = 2(1+v) Yoy = 2(1+v) VXY

— & — &) (12)

where o, is the hoop stress; oy is the axial stress; 7y, is
the shear stress; & is the hoop strain; ¢, is the axial
strain; &, is the 45° strain; y,, is the shear strain.

The Tresca
verification:

Ox+0- Ox—0-
01,3 = xz L+ /(%)2 + Ta%y (13)

where o0, and o0; are the maximum and minimum
principal stresses, respectively. Under the plane stress
assumption for a thin-walled cylinder, the radial stress
is generally considered zero, so the intermediate
principal stress o, is assumed to be zero.

strength theory was used for

The loading point stress verification results are
summarized in Table 7.

As shown in Table 7, the safety factor of the PVC
material in the model tests exceeds 12 in all cases,
indicating that the structural strength is fully sufficient to
reach the sand failure limit. This also suggests that the
wall thickness of the PVC suction caisson designed in
this study is overly conservative. Subsequent tests will
be conducted with thinner wall thicknesses to explore
the balance among caisson cost, structural strength,
and sand strength.

4. CONCLUSION

This study investigates the monotonic inclined
pull-out bearing behavior of PVC suction caissons in

sand under different aspect ratios and loading angles.
The bearing capacity, motion behavior, and structural
strain of the caissons were analyzed. The main
conclusions are as follows:

(1) The inclined bearing capacity and motion
behavior are governed by aspect ratio (A) and
loading angle (a). Capacity increases with a and
is highest for A=2.0. Decreasing A or a shifts
motion behavior from vertical pull-out to rotation,
reducing passive suction. The passive suction is
directly related to the vertical displacement of the
caisson.

(2) The caisson wall structural safety factor of the
PVC suction caissons in the model tests
exceeds 12 in all conditions, which are sufficient
to be used as foundations for marine cages. The
loading point strain increases as the aspect ratio
decreases, and a thin-walled cylinder with a
larger diameter tends to develop higher stress.

(3)  Under this study conditions, considering bearing
capacity, displacement control, and structural
safety together, A=2.0 and a=16° are
recommended to balance capacity and
displacement control. Furthermore, subsequent
research can improve the penetration effect by
optimizing the wall thickness and further explore
the sand bearing potential of PVC suction
caissons.

(4) PVC suction caissons have a significant cost
advantage, costing only 10.5%-39.7% of steel
suction caisson or concrete foundations for
comparable capacity. Considering construction
efficiency, maintenance difficulty, and marine
environmental adaptability, the economic
advantage of the PVC suction caisson becomes
even more prominent.

It should be noted that, owing to the 1:20 scale and
the 1-g test condition, the stress level cannot fully
replicate the prototype condition, leading to the
potential differences in sand dilatancy and shear
strength. Subsequent numerical simulations will be
carried out to apply the tests data to the prototype
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engineering. And the results will be compared with the
practical engineering data for correction. This study
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