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Abstract: Torpedo anchors (TAs) are regarded as one of the most efficient mooring solutions for
taut mooring systems, and end-bearing TAs are a new type of TA that primarily relies on end-
bearing plates at the tail to generate a pile-end resistance to improve their pulloutbearing capacity
(P). Therefore, the estimation of the pullout capacity of the end-bearing TA is vital for the design of
offshore floating facilities. In this study, pullout model tests were conducted to investigate the P of
conventional and end-bearing TAs and examine the effects of factors such as the embedment depth
(h), the relative density (Dy), the pullout angle (x), and the area (A) of the bearing plates on P. The test
results show that, under oblique pullout loading, the P on the conventional TA increased slowly as
displacement increased, while there was a peak on the load—displacement curve of each end-bearing
TA with a relatively large A. The end-bearing TAs considerably outperformed the conventional TAs
in terms of the P. In addition, increasing , Dy, and A significantly increased the P of the end-bearing
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TAs. However, increasing h and D; slightly decreased the ability of the bearing plates to increase
the P of the end-bearing TAs. These research results can provide a guideline for TA installation in
deep-sea engineering.
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Human demand for environmental resources is increasing with rapid social and
economic development. Exploitation and effective utilization of marine resources has
become a primary means of addressing the imbalance between the supply of, and demand
for, limited resources [1-3]. Marine oil and gas resources are generally extracted on fixed or
floating platforms. The effective anchorage of oil platforms is a central issue in marine oil
and gas exploitation. Oil platforms can be fixed to the seafloor through structures such as
tension legs, piles, suction caissons, and drag anchors in shallow-sea environments, and
through structures such as plate anchors, suction caissons, and drag anchors in deep-sea
environments [4,5]. However, the installation of various anchorage systems in deep-sea
environments is extremely difficult and costly due to relatively deepwater depths and
the significant effects of external loads (e.g., waves and winds). In recent years, taut-leg
mooring systems composed of anchors (often torpedo anchors (TAs)) and anchor chains
have been used to fix oil platforms for deep-sea oil extraction. TAs rely primarily on
gravity to penetrate the seafloor. As a result, their installation is fast, easy, and relatively
inexpensive, and does not require special installation vessels [6-8].
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conducted tests to investigate the penetration and pullout behaviors of torpedo anchors
under vibration, and found that the anchoring force reached more than 83.2% of holding
capacity after 7 d in the silty bed. Wang et al. [12] studied the penetration depth into
cohesive soil, considering the effect of torpedo anchor shape and size, and a formula to
calculate the penetration depth was established based on energy conservation principles
and measurements. Ads et al. [13] indicated that the fin length of a torpedo anchor
correlated negatively with penetration depth, and correlated positively with extraction
resistance. With increasing penetration depth, soil displacement initiallyincreased and
then keptconstant. Based on centrifuge tests, Hossain et al. [14] studied the dynamic
installation and monotonic pullout of torpedo anchors into calcareous silt, and a total
energy expression was proposed to predict the embedment depth, accounting for anchor
geometry, anchor mass, and impact velocity. Lai et al. [15] assessed the free-fall penetration
behavior of dynamically penetrating anchors into marine clay, and an energy-based model
and a force-based model were established to predict the penetration depth of anchors with
different geometries and impact velocities. Takinginto account the effect of density, aspect
ratio, scale ratio, and fin size, Hasanloo et al. [16] investigated the falling velocity and
drag coefficient of torpedo anchors during acceleration, and a mathematical model for
anchor motion was proposed. Wang et al. [17] studied the relationship between pullout
capacity, anchor properties, and soil type, and a formula to calculate the monotonic holding
capacity of torpedo anchors was established, accounting for embedded depth, weight,
geometry, and soil properties. Wang et al. [18-20] investigated the effect of pullout velocity
on the pullout behavior of torpedo anchors by numerical analysis and model testing, and
formulas to predict the maximum vertical and inclined pullout force were established.
Meanwhile, an empirical formula to predict the penetration depth was established and
validated, based on energy analysis and test results.Santiago et al. [21] conducted centrifuge
tests on torpedo piles installed in loose sand, and found that the interactions between
the adjacent piles depended on the load direction and pile spacing. Based on the test
results, the optimal pile spacing for maximum cluster efficiency was proposed. During
the installation process, Fernandes et al. [22,23] concluded that a torpedo anchor have a
minimum directional stability, with a less-than-three degree vertical angle required for
control.Compared to four-fin torpedo anchors, Chang et al. [24] noted that the vertical and
horizontal bearing capacities of the novel installed ‘fish” anchors were 4.0 and 5.6 times
greater. Raaj et al. [25] found that the hydrodynamic performance of torpedo anchors
followed the order of hemispheric nose, ellipse, and ogive, and that the conical nose
showed inferior performance. Kunitaki et al. [26] compared the Monte Carlo method
and a fuzzy arithmetic method to treat uncertainties during torpedo anchor installation,
and concluded that the fuzzy arithmetic method was an effective design tool due to its
outstanding computational efficiency. O’Beirne et al. [27] validated the new release-to-rest
model for torpedo anchors, based on test results, and found that the model-calculated
results were consistent with field data of over 100 anchor installations, with an accuracy of
+10%.Coupling finite element of deformation and fluid flow in porous media, Raie and
Tassoulas [28] indicated that the dissipation rate of excess pore-water pressure and recovery
of soil strength were critically important for predicting the pull-out capacity of torpedo
anchors at different times. Based on the statistical model uncertainty evaluated using
test results and finite element simulation results, Sagrilo et al. [29] found that the single
reliability safety factor was significantly lower than the value used in the design of torpedo
anchors, considering the working stress design method. DeSousa et al. [30] indicated that
the total contact area of a torpedo anchor is a necessary parameter for determining the
load capacity, and that the load capacity of an anchor can significantly increase with an
increase in undrained shear strength and fluke number. Based on a large deformation finite
element approach, Kim et al. [31-34] investigated the installation and pullout process of
a torpedo anchor. It was concluded that embedment depth was significantly decreased
with increasing strain rate dependency of a soil, and the pullout capacity of a finless
anchor under 45° was 29% of that of a four-fin anchor. Based on the results, an improved
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analytical embedment model considering shearing resistance and drag resistance was
established. Sabetamal et al. [35,36] observed that a smooth discretization of the contact
interface between soil and structure is a crucial factor for avoiding oscillations of soil when
simulating the installation of torpedo anchors.

Current studies have primarily focused on investigating the P of conventional TAs
through model tests, combined with numerical simulations, while end-bearing TAs have
received relatively less attention. In this study, pullout model tests were performed to
investigate the P of conventional and end-bearing TAs, and the effects of factors such as
the embedment depth (h), the relative density (D;), the pullout angle («), and the area (A)
of the bearing plates on the P. The results have a certain reference value for guiding the
design and installation of TAs in deep-sea projects.

2. Materials and Methods
2.1. Test Materials

Fujian standard sand was used in the tests, and the specific gravity test, relative
density test, and particle size analysis test were conducted according to the Geotechnical
Test Method Standard (GBT 50123-2019). Table 1 summarizes the physical properties of the
sand sample. Figure 1 shows the particle-size distribution curve of the test sand. Particles
with a diameter of less than 2 mm accounted for 100% of the total weight, and particles with
a diameter larger than 0.5 mm exceeded 50% of the total weight. Therefore, the test sand
used in this study can be classified as coarse sand. Based on the values of the coefficient of
uniformity (3.623) and the coefficient of curvature (1.099), the test sand was determined to
be poorly graded.

Table 1. Physical parameters of the test sand.
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Figure 1. Particle-size distribution curve of the test sand.

One conventional TA model (type A) and five end-bearing TA models (type B1-B5)
were used in the tests. The tip (2.5 cm in length) and bearing plates of each end-bearing TA
were made of stainless steel, while the shank (17.5 cm in length (L), 2.5 cm in diameter (d),
and 207.0 g in mass (1)) was made from a hollow aluminum tube. The bearing plates in the
type B1-B5 TAs had external diameters of 3.53, 4.33, 5.00, 5.59, and 6.02 cm, respectively,
areas that were 2—6 times the cross-sectional area of the shank, and masses of 9.3, 16.9, 26.3,
33.6, and 39.2 g, respectively, as shown in Figure 2. A poly(methyl methacrylate) bucket
with a diameter of 45 cm, a height of 75 cm, and a wall thickness of 2 cm was used in
the tests.
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Figure 2. Model of torpedo anchors.

2.2. Model Arrangement

Figure 3 shows the TA pullout test setup, which consisted mainly of a support frame,
a fixed pulley, a sample barrel, a drive motor, a tension sensor, and a data acquisition
system. The drive motor of a triaxial shear apparatus was used to apply a load, and
met the requirement for loading at a constant rate within its loading capacity. During
loading, the back of the anchor was connected via a thin steel strand to an “S”-shaped
tension/compression sensor with a measuring range of £200 kg, which was, in turn,
connected via a signal magnifier to a TWD information acquisition box using data cables.
Data were measured at a frequency of 200 Hz. The sensor was calibrated by graded loading,
and the results indicated that the performance of a tension sensor ranging from 0 to 50 kg
could meet the test requirements. The measured data were smoothed by MATLAB 2020a
software (MathWorks Software (Beijing) Co., Ltd., Beijing, China). The data acquisition
system was used to measure and record the data in real time during the test process, in
which the model was pulled out. The loading rate was set to 1 mm/s. The corresponding
displacement (S) was calculated based on the test time.

Pulley Pulley
Steel string

Tension-compression sensor

Plexiglass barrel

Model
anchor

.
Electric motor — T T

Figure 3. Schematic of the pullout test setup.

2.3. Test Methods

Based on the American Petroleum Institute (API) standard [37] and the similarity
principle listed in Table 2, a total of 42 tests were conducted on the type A and B TAs
for different values of D, h, and &, and Table 3 summarizes the test schemes. Sand
samples were prepared through compaction in the test process. Specifically, sand was
first weighed according to the predesigned height and D, of the sample, and subsequently
placed layer-by-layer in the barrel until the desired height was reached. Each layer of sand
was compacted before the next layer was placed. A 10 cm-tall layer of sand was first placed
at the bottom of the barrel. Then, the TA was installed in the center of the barrel via a
fixed thin steel strand, the length of which was adjusted to place the TA at a certain depth.
When placing sand near the TA, the TA was fixed with a sleeve to prevent this process from
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affecting its verticality. Subsequently, the water was filled on the surface of the sand bed to
ensure sand saturation, and 10 cm of free water was maintained above the sand surface
during the model test. Because each TA had a diameter of 2.5 cm, and the barrel had an
internal diameter of 41 cm, the boundary effect was effectively eliminated.

Table 2. Similarity principle between prototype and model.

Parameter Symbol Scale (Prototype/Model)
Length L A
Depth h A

Area A A?
Mass m A3
Gravity G A3
Water density Ow 1
Soil density Os 1
Time t A0S
Drag resistance P A3
Displacement S A

Table 3. Test schemes.

D, h (cm) w (°)
0.6 2.0L 0°, 45°,90°
0.6 2.5L, 3.0L 90°
0.7 2.0L 90°
0.8 2.0L 90°

During the test process, the embedded TA was first connected to a tension transducer
via a steel strand, while « was adjusted through a fixed pulley. Then, the steel strand was
connected to the rotating shaft of a triaxial apparatus. The strain-control mode was used.
The loading rate was set to 1 mm/s. Data were acquired at a frequency of 200 Hz. The test
was terminated when a peak appeared on the P-S curve, or when the preset value was
reached. To ensure reliable test results, parallel tests were also conducted.

3. Results and Discussion
3.1. Analysis of Vertical Load—Displacement Curves

The main factors affecting the P value of a TA include the soil properties, h, the type of
TA, «, and the interaction between the TA and the soil. To examine the P of different types
of TAs, the P-S curves of the TAs in sand with different D, at & = 2.0L were obtained, as
shown in Figure 4. At h = 2.0L, as displacement increased, the P value of the conventional
TA increased slowly to a certain value, and then remained approximately at this value,
with no notable peak on its curve. In comparison, the P on each end-bearing TA increased
rapidly as S increased, with a peak appearing, and then sharply decreased. The main
reason for this phenomenon is that the P of the TA increased gradually with the increasing
of S. When the P reached a peak, the end-bearing TA loosened the upper soil due to the
end-bearing resistance of the bearing plate. If the vertical pullout loading is continuously
applied, the P will sharply decrease with increasing of S. Under vertical pullout loading, the
P of the end-bearing TA was much higher than that of the conventional TA and increased
as A increased. This finding suggests that under vertical pullout loading, the bearing plates
of an end-bearing TA compress the soil above them, thereby improving the P of the TA.
For an end-bearing TA, a relatively large S is required to reach its P. Therefore, in-depth
research is warranted to improve the P of TAs through innovative end-bearing designs.
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Figure 4. Load-displacement curves of the TAs under vertical pullout loading (a) D, = 0.6; (b) D, = 0.7;
(c) Dy = 0.8.

3.2. Analysis of Oblique and Horizontal Load—Displacement Curves

A TA in normal operation is generally subjected to an oblique pullout load. To examine
the effects of « on the P value, tests were conducted at D, = 0.6, h = 2.0L, and « = 0° and
45°. Figure 5 shows the test results. As shown in Figure 5a, the horizontal P-S curves of
the two types of TAs were similar, and each contained a peak. However, under horizontal
pullout loading, the P value of the end-bearing TAs was slightly higher than that of the
conventional TA. Under horizontal pullout loading, a TA primarily moves through rotation
and is subjected to passive earth pressure at both sides of the center of rotation, and
its P depends on the passive earth pressure. The bearing plates of end-bearing TAs are
horizontal, the same as the pullout load, and therefore play a relatively non-significant role.
As a result, the above test results were obtained. Figure 5b reveals a significant difference
between the P-S curves of the two types of TAs at « = 45°. For the conventional TA, P
increased slowly as S increased, similar to the trend observed under vertical pullout loading.
In contrast, each end-bearing TA with a relatively large A exhibited a significantly higher
P, with a peak on its curve. The curve of the conventional TA was similar to that of each
end-bearing TA with a relatively small A, but the end-bearing TAs had a slightly higher P.
Under oblique pullout loading, a TA not only moves vertically, but also rotates horizontally,
and its P depends on both the lateral earth pressure and the frictional resistance between it
and the soil. The presence of a vertical S allows the end resistance provided by the bearing
plates of an end-bearing TA to play its role. Therefore, the P of end-bearing TAs should
be higher than that of conventional TAs. The test results show that the P values of the
type B1-B5 TAs were 16%, 30%, 64%, 83%, and 118% higher than that of the type A TA,
respectively.
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Figure 5. Load-displacement curves of the TAs under oblique and horizontal pullout loading

(@)« =0° (b) a =45°.
3.3. Effects of h on P

h is a major factor that affects the P of a TA. Therefore, the P-S curves of the type A
and B TAs at h =2.0L, 2.5L, and 3.0L under vertical pullout loading were obtained (Figure 6).
P and S were non-dimensionalized based on the self-weight of the TA and the diameter of
the shank of the TA, respectively. The P of each type of TA increased as & increased. As S
increased, the P of the type A TA increased considerably at /1 = 3.0L, and slowly at & < 3L.
Therefore, maximizing / is crucially important for improving the P of type A TAs. For the
type B TAs, similar P curves were obtained at different / values.
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Figure 6. Effects of /1 on the load—displacement curves of the TAs under vertical pullout loading
(a) Types A and B1; (b) Types B2 and B3; (c) Types B4 and B5.
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Figure 7 shows the P-h curves of the two types of TAs at D, = 0.6. At the same #, the
P of the end-bearing TA was significantly higher than that of the conventional TA, and
increased as A increased. At h = 2.0L, the P values of the type B1-B5 TAs were 220%, 345%,
515%, 530%, and 575% higher than that of the type A TA, respectively. At h = 3.0L, the P
values of the type B1-B5 TAs were 93%, 130%, 149%, 169%, and 197% higher than that of
the type A TA, respectively. These results show that increasing / reduces the effectiveness
of bearing plates in improving P.

400 " T " T

300 - v i
-

=200 :
. —u—Type A
I / t —eo— Type Bl
. Type B2
° ype
100 - / —v—Type B3 ]
/ . Type B4
- —b»— Type BS
0 1 1
1 2 3 4

Figure 7. P-h curves of the TAs under vertical pullout loading.

3.4. Effects of Dy on P

The effects of D; on the P values of the two types of TAs were analyzed. Figure 8
shows the P-S curves of the TAs at i1 = 2.0L under vertical pullout loading. It can be seen
that as D, increased, the P of the type A and B TAs increased. At the same £, the P of each
type B TA was significantly higher than that of the type A TA. At D; = 0.7, the P values of
the type B1-B5 TAs were approximately 169%, 309%, 337%, 424%, and 475% higher than
that of the type A TA, respectively. Figure 9 shows the P-D, curves of the two types of
TAs at h = 2.0L. Under vertical pullout loading, the P of the type A and B TAs gradually
increased as D; increased. At each Dy, the P of each type B TA was significantly higher
than that of the type A TA. At h = 2.0L, the P of the type A TA increased by 68.4% and
71.9% as Dy increased from 0.6 to 0.7, and from 0.7 to 0.8, respectively. Transducer failure
caused errors in the measurement of the P of the type B3 TA. For the remaining type B TAs,
the vertical P values of the type B1, B2, B4, and B5 TAs increased by 48.3%, 62.5%, 47.8%,
and 50.8% as Dy increased from 0.6 to 0.7, respectively; their vertical P values increased by
30.2%, 30.8%, 35.9%, and 34.2% as D; increased from 0.7 to 0.8, respectively. This finding
suggests that increasing D, can reduce the effectiveness of bearing plates in increasing the
P of a TA.

3.5. Effects of Aon P

The P of an end-bearing TA depends on A. The type B1-B5 TAs used in this study had
A values of 4.9,9.8,14.7, 19.6, and 24.5 cm?, respectively. Figure 10 shows the P-A curves
at different & and D, values. At D, = 0.6, the vertical P of the type B TA increased as A
increased, and increased significantly as / increased. At h = 2.0L, the vertical P of the type
B TA increased as A increased, and increased considerably as D, increased. These findings
are consistent with those obtained from earlier analyses.
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Figure 8. Effects of D, on the load—displacement curves of the TAs under vertical pullout loading (a)
Types A and B1; (b) Types B2 and B3; (c) Types B4 and B5.
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4. Conclusions

Based on the pullout model tests, this study examined the bearing capacity of con-

ventional and end-bearing torpedo anchors and investigated the effects of factors such as
embedment depth, relative density, pullout angle, and area of the bearing plates on the
bearing capacity. The main findings of this study are summarized as follows:

@

@)

®)

@)

When embedment depth reached 2 times the shank length, for the conventional tor-
pedo anchor, the vertical bearing capacity increased slowly as displacement increased,
with no peak on the bearing capacity—displacement curve. In comparison, for each
end-bearing torpedo anchor, the vertical bearing capacity increased rapidly as dis-
placement increased, with a notable peak on the bearing capacity—displacement curve.
Under vertical pullout loading, the bearing capacity of each end-bearing torpedo
anchor was much higher than that of the conventional torpedo anchor, and increased
as area increased.

Under horizontal pullout loading, similar bearing capacity-displacement curves were
obtained for the conventional and end-bearing torpedo anchors, and each had a peak.
In addition, these two types of torpedo anchors displayed essentially similar bearing
capacity values. Under pullout loading at a pullout angle equal to 45°, area had
a relatively significant impact on the bearing capacity of the end-bearing torpedo
anchor. The bearing capacity increased relatively considerably as area increased
beyond three times the cross-sectional area of the shank, with a notable peak on
the bearing capacity—displacement curve. In contrast, there was no peak on the
bearing capacity—displacement curve when the area was smaller than three times the
cross-sectional area of the shank.

Both embedment depth and relative density were found to have a major impact
on the bearing capacity. The bearing capacity of the conventional and end-bearing
torpedo anchors increased as embedment depth and relative density increased. In
addition, increasing embedment depth and relative density had a significantly greater
impact on the bearing capacity of the conventional torpedo anchor than that of the
end-bearing torpedo anchor. At fixed embedment depth and relative density, the
bearing capacity of the end-bearing torpedo anchor was significantly higher than that
of the conventional torpedo anchor, and increased as area increased.

Based on the research results, it can be found that the bearing capacity of torpedo
anchors under horizontal pullout loading is greater than that of oblique and vertical
pullout loading. The bearing capacity of the end-bearing torpedo anchor significantly
increased as shank area, embedment depth, and relative density increased, and it
reached maximum when embedment depth reached 3 times the shank length, relative
density reached 0.8, and shank area reached 6 times the cross-sectional area. These
research results can provide a guideline for installation of torpedo anchors, which
need to be validated in further studies.
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