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Abstract: As a new type of deep-sea anchoring foundation, thetorpedo anchor has the characteristics
of simple installation, low cost, and high bearing capacity. Compared with the torpedo anchor
without an anchor wing, the end-bearing torpedo anchor forms pile end resistance using a bearing
plate, thus further improving its uplift bearing capacity. By conducting the pullout model test of
torpedo anchors, we have compared and analyzed the effects of the pullout angle and bearing-plate
radius on the bearing characteristics of T, EN3, EN4, and EC types of torpedo anchors. Based on
the model test results, we established the V-H envelope of torpedo-anchor bearing capacity using
the regression analysis method. The results show that when the displacement is small, the load-
displacement curve of the torpedo anchor increases in an approximately linear mode, and the curve
fluctuates and gradually entersa stable state with the gradual increase of the displacement. With
the increasing pullout angle, the bearing capacity of the torpedo anchor increases first and then
decreases. When the pullout angle is 45°, the torpedo anchor has the maximum bearing capacity.
When the pullout angle is constant, the order of bearing capacity generated by different types of
torpedo anchors is as follows: EC > EN4 > EN3 > T, and the bearing capacity rises with the increasing
bearing-plate area. Through regression analysis, it is concluded that for the torpedo anchors of T,
ENB3, EN4, and EC types, the V-H envelope of bearing capacity shows an outward convex trend, and
the determination coefficient reaches 0.930, indicating that the established V-H envelope is suitable
for predicting the bearing capacity of torpedo anchors.

Keywords: end-bearing; torpedo anchor; bearing capacity; pullout angle; cohesive soil

1. Introduction

With the exhaustion of offshore oil and gas resources, the exploitation of oil and gas has
gradually advanced from offshore areas to the deep sea, and the traditional mooring system
cannot meet the needs therefrom [1-9]. As a new type of deep-sea anchoring foundation,
the torpedo anchor takes the shape of the cylinder as a whole; the conical anchor tip is
30°, the interior is filled with concrete or scrap metal, and its weight is about 100 t. During
installation, the torpedo anchor falls freely to obtain kinetic energy and then penetrates the
seabed at the water depth of 30 to 150 m, thereby ensuring a sufficient penetration depth
and obtaining a higher bearing capacity. The torpedo anchor has the advantages of simple
installation, low cost, and high bearing capacity. Therefore, this type of anchor has attracted
great attention fromacademia and the engineering industry [10]. Yu et al. [11,12] concluded
that the uplift bearing capacity of the torpedo anchor with four anchor wings is 1.9 times
greater than that of the torpedo anchor without an anchor wing, and the uplift bearing
capacity is larger when the pullout-load angle is between 30° and 45°. When the anchor
wing has the same lateral area, increasing the width of the anchor wing can effectively
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improve the bearing capacity. When the length of the anchor wing is greater than 1/2 of
the anchor length, the bearing capacity obtained by increasing the anchor wing width is
higher than that obtained by increasing the anchor wing length. The research findings can
provide a reference for the optimization design of torpedo anchors. Based on the sediment
rheological properties, Yu et al. [13] proposed a dynamic torpedo-anchor technology. This
technology mainly uses high-frequency mechanical vibrations to fluidize the sediment
near the anchor body, thereby reducing the resistance between the outer wall of the anchor
body and the surrounding soil so that the anchor body can automatically and quickly
penetrate the seabed. When the anchor body penetrates the preset depth, the vibration unit
is shut down and the installation is completed. The dynamic torpedo anchor has a large
tensile-strength ratio and can withstand the vertical pullout force. It is characterized by fast
anchor placement and easy recovery. Raaj et al. [14] stated that soil properties and shear
strength affected the pullout capacity and penetration depth. Chen et al. [15] reported that
the pullout capacity and penetration depth of the torpedo anchor with vibrational shearing
was not restrained by water depth and drop height. Based on the embedment depth, net
weight, geometry, and soil properties, Wang et al. [16] proposed a model to predict the
undrained monotonic holding capacity of the torpedo anchor, and the predicted results
coincided well with the experimental results. With increasing fin length, Ads et al. [17]
concluded that the penetration depth decreased and the maximum extraction resistance
increased. Kim and Hossain [18] stated that the inclined pullout capacity of torpedo
anchors depended on the anchor weight and anchor-soil contact area; thereby, the pullout
capacity increased with increasing fin number. Chen et al. [19] stated that the maximum
vertical pullout capacity increased exponentially with increasing embedment depth under
no vibrations, whereas the pullout capacity increased linearly with increasing embedment
depth under 200 Hz vibrations. Hossain et al. [20,21] reported that the pullout capacity
of the torpedo anchors increased with increasing consolidation time, embedment depth,
and undrained shear strength, and the rectangular fin and conical tip were more effective
to improve the pullout capacity. Based on the centrifuge model test results, an analytical
model to calculate the pullout capacity of the torpedo anchor was established according to
the reverse end-bearing and frictional resistance. Based on the nonlinear regression analysis
of the test results, Wang et al. [22] established a model to predict the maximum inclined
force of torpedo anchor penetration into cohesive beds when the loading angle changed
from 20° to 90°. With increasing embedment depth, relative density, and area of the bearing
plate, Li et al. [23] reported that the bearing capacity of the end-bearing torpedo anchor
remarkably improved, and the pullout capacity of the end-bearing anchor was significantly
higher than that of the traditional anchor. Yi et al. [24] found that the failure envelope was
mainly influenced by anchor incline and soil strength gradient, and a simple procedure
was developed to predict the ultimate pullout capacity of the torpedo anchor. Raie and
Tassoulas [25] noted that the dissipation of excess pore water pressure and the recovery of
soil strength were essential factors to predict the pullout capacity of the torpedo anchor.

Compared with the torpedo anchor without an anchor wing, the end-bearing torpedo
anchor forms pile end resistance using a bearing plate, thus further improving its bearing
capacity. However, there are fewer studies on the bearing capacity of end-bearing torpedo
anchors. In this paper, we conduct the pullout model test of torpedo anchors without
anchor wings and end-bearing torpedo anchors and analyze the bearing characteristics
of both types of torpedo anchors under vertical and inclined pullout loads. Based on the
test results, we establish the V-H envelope of the torpedo-anchor bearing capacity using
the regression analysis method. The research findings can provide a reference for the
optimization design and bearing-capacity prediction of torpedo anchors.

2. Materials and Methods
2.1. Test Materials

The test soil waswashed kaolin, purchased from Jiashuo Building Materials Processing
Co., Ltd., Lingshou County, Shijiazhuang City, Hebei Province, China. According to the
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standard for the geotechnical testing method (G/BT 50123-2019) [26], its basic physical
properties are shown in Table 1.

Table 1. Main physical properties of kaolin.

Gs P (g/cm3) wr, (%) wp (%) Ip Su (kPa) E (MPa)
2.60 1.60 42.3 21.3 21.0 1.63 0.82

The T-98 torpedo anchor wasselected as the model anchor. It is made of high-speed
steel material, and its Young modulus and Poisson ratio was 200 GPa and 0.3, respectively.
The anchor rod is 9.7 cm long, the anchor tip is 2.5 cm long, the anchor rod diameter (D)
is 2 cm, and the anchor weighs 281.5 g. The anchor tip and the anchor rod are designed
as two separate components, and the bearing plate can be assembled after detachment.
A total of 12 types of bearing plates with a thickness of 2 mm were arranged for the test.
The torpedo anchor without anchor wings (T type) is shown in Figure 1a, and the EN3
type torpedo-anchor bearing plate consists of 3 rectangular bearing plates with an angle of
120° for the center line, as shown in Figure 1b. The EN4-type torpedo-anchor bearing plate
consists of 4 rectangular bearing plates with an angle of 90° for the center line, as shown
in Figure 1c. The EC-type torpedo-anchor bearing plate was designed with a circular ring
to ensure that the inner diameter of the bearing plate is the same as the outer diameter of
the anchor rod and prevent the assembled bearing plate from any translation, as shown in
Figure 1d. Table 2 lists the parameters of the torpedo-anchor bearing plate. As shown in
the table, the size and weight of the rectangular bearing plate gradually increase with the
increasing torpedo anchor number (1~4) when the type of bearing plate is fixed.

(b)

() (d)
Figure 1. Torpedo anchor and bearing plate: (a) torpedo anchor; (b) EN3 type; (c) EN4 Type; (d) EC type.
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Table 2. Parameters of torpedo-anchor bearing plate.

EN3 Type EN4 Type EC Type

Label Dimensions EN3 Type Dimensions EN4 Type Diameter EC Type
Mass (g) Mass (g) Mass (g)
(mm) (mm) (mm)
a 3x5x%x5 5.59 4x5x%x5 6.50 30 12.96
b 3x5x10 7.61 4x5x10 8.67 40 25.10
C 3x5x15 9.22 4x5x%x15 10.81 50 40.74
d 3x5x%x20 10.76 4x5x%x20 12.92 60 59.59

2.2. Test Equipment

The pullout test device is made of a rigid frame, as shown in Figure 2. It mainly
consists of a fixed pulley, motor, tension sensor, signal amplifier, signal acquisition box, and
computer. The steel strand connected to the motor side passes through the pulley fixed
at the beam, the other end is connected to the top of the torpedo anchor, and the middle
of the steel strand is connected to the type-S tension sensor. The sensor is connected to
the signal amplifier through a data cable and outputs the signal to the TWD information
acquisition box. The measuring range of the tension sensor is 10 kg, the motor speed is
1 cm/s, and the acquisition frequency of the TWD information acquisition box is 200 Hz.
The test model box is made of plexiglass, as shown in Figure 3. The height of the model box
is 75 cm, the outer diameter is 45 cm, and the wall thickness is 2 cm. There are 6 holes in
the outer wall of the model box. The lines connecting the center of the model box with the
center of each hole form an angle of 0°, 15°, 30°, 45°, 60°, and 75° with the horizontal line,
respectively, so that the torpedo can be pulled in multiple directions. When the soil sample
is still and saturated, each hole is blocked with a rubber plug to prevent water leakage.

(T
\)\ Pulley Pulley /q

" Tension sensor

Steel string

Acquisition box Plexiglass barrel

Computer
Electric motor

Model anchor

(a)

Figure 3. Flow chart of torpedo anchor installation: (a) installation; (b) vertically; (c) vibrating.

2.3. Test Methods

An amount of kaolin isslowly added into a proper amount of water, and we keep
stirring to prevent kaolin from agglomerating and reduce bubble residues. Then, the model
box is sealed with a plastic film to reduce soil moisture evaporation [23,26]. A steel strand
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hole is reserved at the tail of the torpedo anchor in the test, two steel strands are inserted
into the hole, and the steel strand and the torpedo anchor can be firmly connected by
tightening the limit screw. The diameter of the steel strands is 2 mm, and the lengths are
44 cm and 137 cm, respectively. The steel strand with a constant length of 44 cm is used
to ensure the same embedded depth of the torpedo anchor and the same height, with
the pullout hole at 0° with the outer wall of the model box. A PVC pipe with a length of
37 cm, a wall thickness of 3 mm, and the same outer diameter as the outer diameter of the
torpedo anchor is used as the conduit. Pass the steel strand through the conduit and press
the conduit down to ensure that the bottom of the conduit fits the top of the anchor rod.
Slowly press the torpedo anchor into the soil using the conduit. In this process, the torpedo
moves down at a low constant speed to reduce the disturbance to the surrounding soil. See
Figure 3 for the installation process. When the torpedo anchor reaches the embedded depth,
a steel rod is placed on the surface of the model box to limit the downward movement of
the torpedo anchor so that the anchor is successfully placed. Then, withdraw the conduit
vertically and slowly to reduce the disturbance to the soil above and the impact on the
torpedo anchor. Vibrate the soil around the hole wall at a high frequency but low amplitude
to accelerate the soil body flow and complete the collapse of the soil above the anchor top.
In the process of vibration, make sure that vibration points are symmetrical and far away
from the hole locations to reduce the impact on the anchor position. When the torpedo
anchor is installed, keep it still for 12 h to improve the soil strength, and set a thin water
level on the soil surface in this process to prevent the soil from cracking. Then, remove the
suspended steel rod and connect the steel strand with a length of 137 cm to the tension
sensor and the motor. Adjust the fixed pulley position of the model box to make the steel
strand pass through the middle of the hole, and apply Vaseline around the hole to reduce
the test error. When performing the vertical pullout test, make sure that the steel strand
above the top of the torpedo anchor is vertically upward. When performing the oblique
pullout test, make sure that the steel strand is laid through the hole center by adjusting the
fixed pulley at the outer wall so that the pullout angle of the steel strand meets the test
requirements. Start the motor and stop the test when the load reaches the peak strength or
the anchor body is fully pulled out. During the test, the data acquisition system is used to
record the value and time of the tension sensor, and the load-displacement curve can be
obtained after conversion according to the uniform speed pulling of the motor.

3. Results and Discussion
3.1. Results and Analysis of Vertical Pullout Test of Torpedo Anchor

Under the action of vertical pullout load, the bearing capacity of the torpedo anchor
without an anchor wing is mainly provided by the side frictional resistance of the anchor
rod, and the bearing plate of the end-bearing torpedo anchor has a significant effect on the
bearing capacity improvement of the torpedo anchor. To study the effect of the bearing-
plate length on the bearing capacity of an end-bearing torpedo anchor, Figure 4 shows
the load-displacement relation curve of the EN3-type torpedo anchor. The figure shows
that when the displacement is small, the load-displacement curve of the torpedo anchor
increases in an approximately linear mode, and the curve fluctuates and tends to be stable
with the increase of the displacement. As for the primary cause, it is believed that the
soil around the anchor is in the stage of elastic deformation when the curve increases
linearly and the soil enters the stage of plastic deformation at the inflection point of the
curve. During the upward movement of the torpedo anchor affected by the pullout load,
the upward movement of the anchor tip leads to the formation of a cavity in the original
position and the generation of suction, so the load is reduced. Through the release of
active soil pressure, the soil on the cavity side moves towards the cavity and the cavity
is gradually filled, thus gradually reducing the suction and increasing the pullout load.
The torpedo anchor moves upward at a constant speed. Therefore, cavities appear and
are filled now and then, so the load-displacement curve fluctuates. Under the action of
the vertical pullout load, the bearing plate has a significant effect on the bearing capacity
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improvement of the torpedo anchor in comparison with the torpedo anchor without an
anchor wing, and the bearing capacity rises with the increasing length of the bearing plate.
When the length of the bearing plate is equal to the diameter of the anchor rod, the bearing
capacity is increased by 0.78 times. When the length of the bearing plate is equal to the
radius of the anchor rod, the bearing plate comes from the inside of the anchor rod more
easily. Under such circumstances, the bearing capacity of the EN3-type torpedo anchor
reaches 1.38 times that of the T-type torpedo anchor.
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Figure 4. Relation curve between load and displacement of EN3-type torpedo anchor under vertical
pullout load: (a) load-displacement curve; (b) bearing capacity-bearing-plate diameter curve.

Figure 5 shows the relation curve between the load and displacement of the EN4-type
torpedo anchor. As shown in the figure, the findings are consistent with the previous study
results. In detail, the bearing capacity of the torpedo anchor rises with the increasing length
of the bearing plate and reaches the maximum value of 31.91 N when the length of the
bearing plate is equal to the diameter of the torpedo anchor rod. The bearing capacity of
the torpedo anchor is 24.59 N when the length of the bearing plate is equal to the radius
of the torpedo anchor rod. In most cases, a longer bearing plate will provide a stronger
bearing capacity. If the bearing plate is too long, it is difficult to install such a torpedo
through structural design. Therefore, the length of the bearing plate involved in the test
is limited to the range of 0.5 to 2 times the radius of the anchor rod. At the initial stage
of pullout load for the torpedo anchor, the load increases linearly with the displacement.
Under such circumstances, the soil is squeezed into the stage of elastic deformation by the
anchor rod and the bearing plate, and the soil on the anchor side enters the stage of elastic
deformation under the action of friction. However, the time nodes of entry into the stage
of plastic deformation are not consistent. This finding is consistent with the conclusion of
Richardson et al. [27].
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Figure 5. Relation curve between load and displacement of EN4-type torpedo anchor under vertical
pullout load: (a) load-displacement curve; (b) bearing capacity-bearing-plate diameter curve.
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In order to study the effect of the circular bearing-plate length on the bearing capacity
of thetorpedo anchor, Figure 6 shows the load-displacement relation curve of the EC type
of torpedo anchor. As shown in the figure, the bearing capacity of the torpedo anchor rises
with the increasing radius of the bearing plate. When the radius of the bearing plate is equal
to the diameter of the anchor rod, the bearing capacity of the end-bearing torpedo anchor is
increased by 1.55 times compared with that of the torpedo anchor without the anchor wing.
Figure 6b shows the relation curve between the bearing capacity and bearing plate radius
of the EC torpedo anchor. As shown in the figure, a trend of approximate linear increase
exists between the bearing capacity and the bearing-plate radius of the EC-type torpedo
anchor, which is consistent with the above conclusion. When the bearing-plate radius is
20 mm, the bearing capacity of the torpedo anchor reaches 78.81 N, which ishigher than
that of the T-type torpedo anchor. For the end-bearing torpedo anchor, the circular bearing
plate forms a closed surface, which prevents the soil from flowing out of the bearing plate
so that the bearing plate acts on the soil as a whole, further improving the bearing capacity.
However, the circular bearing plate is an ideal type. In actual engineering practice, it is
difficult for such a bearing plate to fully come from the anchor rod, while the EN3 and EN4
types of torpedo anchors can be constructed and installed more easily.

90 T T T T 90 T T T T
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—e—ECI type M
4— EC2 type
v— EC3 type /
60 T, EC4tpe 60 1
z | -
_ P QNS
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30 g 30 .
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0 2 4 6 8 10 0 5 10 15 20 25
S/D d/mm
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Figure 6. Relation curve between load and displacement of EC type torpedo anchor under vertical
pullout load: (a) load-displacement curve; (b) bearing capacity—bearing-plate radius curve.

Figure 7 sums up the relation curves between the load and displacement of torpedo
anchors with different types of bearing plates under vertical pullout load. As shown in
the figure, the EC-type torpedo anchor can provide a greater bearing capacity than the
EN3 and EN4 types of torpedo anchors, and the bearing-capacity difference gradually
increases with the increasing length and diameter of the bearing plate. As for the primary
cause, the EN3 and EN4 types of torpedo anchors have poor overall integrity with the
increasing diameter of the bearing plate. Their bearing-capacity curve has a smaller slope
than that of the EC-type torpedo anchors. The bearing plates of the EN3 and EN4 types
oftorpedo anchors have the same effect on the bearing capacity of torpedo anchors, and the
slope of the bearing-capacity curve of the EN4-type torpedo anchor is 1.23 times that of the
EN3-type torpedo anchor, indicating that increasing the number and area of bearing plates
can further improve the bearing capacity of torpedo anchors.

3.2. Results and Analysis of Inclined Pullout Test of Torpedo Anchor

Figure 8 shows the relation curve between the load, displacement, and pullout angle
of a torpedo anchor without an anchor wing under an inclined pullout load. As shown
in the figure, the bearing capacity of the torpedo anchor under an inclined pullout load
is significantly increased compared with the bearing capacity under a vertical pullout
load. The bearing capacity of the torpedo anchor without an anchor wing under different
pullout angles is in the range of 18.25 N to 27.77 N and reaches the peak when the pullout
angle is 45°. Based on comparisons, we discovered that the horizontal bearing capacity
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of the torpedo anchor without an anchor wing is approximately 1.18 times the vertical
bearing capacity.

90 T T T T

—=— EN3 type
—=— EN4 type Ve
= EC type a

0 5 10 15 20 25
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Figure 7. Relation curve between load and displacement of torpedo anchors with different types of
bearing plates under vertical pullout load.
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Figure 8. Relation curve between load, displacement, and pullout angle of T-type torpedo anchor
under inclined pullout load: (a) load-displacement curve; (b) bearing capacity—pullout angle curve.

Figure 9 shows the relation curve between the load, displacement, and pullout angle
of the EN3-type torpedo anchor under an inclined pullout load. As shown in the figure,
the load-displacement curve of the torpedo anchor is approximately linear when there is a
small displacement. Under such circumstances, it is believed that the soil around the anchor
is in the stage of elastic deformation. When the pullout angle is in the range of 45° to 90°,
the slope of the load-displacement curve is relatively large. When the pullout angle is 90°,
the slope is the largest. Under the same test conditions, the horizontal bearing capacity of
the EN3 torpedo anchor is 23.72 N, while the vertical bearing capacity is 21.86 N, indicating
that the horizontal bearing capacity is 1.09 times the vertical bearing capacity. This fact is
consistent with the research conclusion of O’Beirne [28]. For EN3-type torpedo anchors, the
optimum pullout angle is 45°, and the corresponding bearing capacity is 28.03 N, which is
about 1.28 times the vertical bearing capacity.

Figure 10 shows the relation curve between the load, displacement, and pullout angle
of the EN4 torpedo anchor under an inclined pullout load. As shown in the figure, the
load-displacement curve of the torpedo anchor under an inclined pullout load shows a
trend of increasing first and then stabilizing. In the initial stage of load application, the
curve increases in an approximately linear mode, and then the rate of increase gradually
decreases and tends to be stable. When the torpedo anchor is subjected to vertical pullout,
the anchor body moves from deep burial to shallow burial and then is gradually pulled
out. Under such circumstances, the soil at the anchor top develops from local failure to
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structural failure, and the resistance of the soil at the anchor top towards the torpedo anchor
decreases gradually. The bearing capacity of the EN4-type torpedo anchor also shows
the trend of increasing first and then decreasing with the increasing pullout angle, and
the optimum pullout angle is 45°. Under such circumstances, the corresponding bearing
capacity reaches the maximum value of 30.08 N.
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Figure 9. Relation curve between load, displacement, and pullout angle of EN3-type torpedo anchor
under inclined pullout load: (a) load-displacement curve; (b) bearing capacity—pullout angle curve.
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Figure 10. Relation curve between load, displacement, and pullout angle of EN4-type torpedo anchor
under inclined pullout load: (a) load-displacement curve; (b) bearing capacity—pullout angle curve.

Figure 11 shows the relation curve between the load, displacement, and pullout angle
of the EC-type torpedo anchor under an inclined pullout load. As shown in the figure, the
torpedo anchor has the smallest bearing capacity under the vertical load. When the pullout
angle is 45°, the bearing capacity reaches the peak. Under the vertical pullout load, the
corresponding displacement is only 1 D when the bearing capacity reaches the peak. As
for the primary cause, the bearing plate, anchor top, and soil around the anchor enter the
stage of elastic deformation when the torpedo anchor is under vertical pullout. With the
gradual increase of displacement, the soil evolves from the elastic stage to the critical plastic
stage, and then the bearing capacity reaches the peak. When the displacement continues to
increase, the bearing capacity will not increase. However, the soil deformation continues,
which corresponds to the second half of the load-displacement curve, and the bearing
capacity reaches a stable trend or gradual downward trend. When the torpedo anchor is
subjected to a horizontal pullout load, a large displacement is required to make the bearing
capacity reach the peak load. The torpedo anchor starts to rotate from the vertical position.
When it reaches a certain angle, the torpedo anchor provides the maximum bearing capacity
at thattime. In other words, the maximum bearing-capacity equivalent to that of horizontal
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pullout is equivalent to the bearing capacity at a certain pullout angle. However, the peak
horizontal bearing capacity is smaller than the peak bearing capacity at a specific angle
mainly because the plastic deformation of the anchor top and anchor tip is the largest,
and the plastic zone around the anchor expands with the rotation of the torpedo anchor
when the torpedo anchor starts to rotate from the vertical position. When the torpedo
anchor rotates to a certain angle, the soil around the anchor partially enters the stage of
plastic deformation. Under such circumstances, the strength that the soil can provide is no
longer the peak strength and maybe the residual strength. As shown in Figure 11, when the
pullout angle changes from the vertical status to 45°, the bearing capacity of the torpedo
anchor increases by 22.72% from 41.77 N to 51.26 N, indicating that the optimum pullout
angle is 45°.
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Figure 11. Relation curve between load, displacement, and pullout angle of EC-type torpedo anchor
under inclined pullout load: (a) load-displacement curve; (b) bearing capacity—pullout angle curve.

Figure 12 sums up the relation curves between the bearing capacities of the T, EN3,
EN4, and EC types of torpedo anchors and pullout angles. As shown in the figure, the
bearing capacity of the torpedo anchors increases first and then decreases with the in-
creasing pullout angle. When the pullout angle is 45°, the bearing capacity of all types of
torpedo anchors reaches the peak. When the pullout angle is fixed, the bearing capacity of
the T-typetorpedo anchor is the lowest, while the EC-type torpedo anchor has the largest
bearing capacity, followed by the EN4-type torpedo anchor, indicating that the bearing
capacity of the end-bearing torpedo anchor is significantly greater than that of the torpedo
anchor without an anchor wing, and the bearing capacity of torpedo anchors rises with the
increasing bearing-plate area.
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Figure 12. Relation curve between bearing capacity and pullout angle of torpedo anchor.
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3.3. V-H Envelope Establishment

When studying the bearing capacity of torpedo anchors, the V-H bearing-capacity
envelope is usually used to study the relations between the various components of bearing
capacity [11]. The normalized V-H envelope is expressed as follows:

PH A PV B_
(PHmax> +(PVmax> =1 (1)

where Py is the horizontal component of the bearing capacity of the torpedo anchor; Py
is the vertical component of the bearing capacity of the torpedo anchor; Prmax is the
maximum horizontal bearing capacity, also the bearing capacity during horizontal pullout;
Pymax is the maximum vertical bearing capacity, also the bearing capacity during vertical
pullout; and A and B are the envelope coefficients.

Based on the model test results and fitting analysis, we obtained the V-H failure
envelope diagram of the bearing capacities generated by different types of torpedo anchors.
See Figure 13 for details. Table 3 lists the bearing-capacity envelope coefficients of the
torpedo anchors. As shown in the table, the determination coefficients of the EN3, EN4,
and EC types of torpedo anchors are higher than 0.990, indicating a good correlation. In
order to simplify the prediction of torpedo anchor bearing capacity, the unified regression
analysis wascarried out on the test results of different types of torpedo anchors; the values
of envelope coefficients A and B are 2.753 and 4.522, respectively, and the determination
coefficient reaches 0.930, indicating that the formula is suitable for predicting the bearing
capacity of different types of torpedo anchors. Different from classic elliptic stresses
yield function [29,30], the V-H failure envelope was generated by the bearing capacities
of different types of torpedo anchors. Due to the determination coefficients of the T-
type torpedo anchor being only 0.553, the V-H failure envelope with hyperelliptic shape
was formed.
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Figure 13. Bearing capacity V-H envelope.

Table 3. V-H envelope coefficient of bearing capacity.

Type A B R?
T 3.386 18.210 0.553
EN3 5.484 4.410 0.999
EN4 4.332 1.688 0.996
EC 10.484 1.090 0.995
Total 2.753 4.522 0.930

4. Conclusions

By conducting the pullout model test of torpedo anchors, we have studied the bearing
characteristics of the T, EN3, EN4, and EC types of torpedo anchors under vertical loads and
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inclined loads and compared and analyzed the effect of the pullout angle and bearing-plate
radius on the bearing capacity of torpedo anchors. Based on the model test results, we
established the V-H envelope of bearing capacity for different types of torpedo anchors.
The findings of this study are of certain reference value for predicting the bearing capacity
of torpedo anchors in engineering practice. The main conclusions are as follows:

(1) When the displacement is small under a vertical pullout load, the load-displacement
curve of torpedo anchors shows the trend of approximately linear increase. The curve
fluctuates and tends to be stable with the increase of the displacement. Compared with
the torpedo anchor without an anchor wing, the bearing capacity of the end-bearing
torpedo anchor is increased significantly and rises with the increasing bearing plate
length. The EC-type torpedo anchor provides a greater bearing capacity than the EN3
and EN4 types of torpedo anchors.

(2)  When the pullout angle is in the range of 0° to 45° under an inclined pullout load, the
slope of the load-displacement curve of torpedo anchors is smaller. When the pullout
angle is in the range of 45° to 90°, the slope of the load-displacement curve is larger.
When the pullout angle is 90°, the curve has the largest slope.

(3) With anincreasing pullout angle, the bearing capacity of the torpedo anchor increases
first and then decreases. When the pullout angle is 45°, the bearing capacity of all
types of torpedo anchors reaches the peak. When the pullout angle is fixed, the
bearing capacity of the T-type torpedo anchor is the lowest, while the EC-type torpedo
anchor has the largest bearing capacity, indicating that the bearing capacity of an
end-bearing torpedo anchor is significantly greater than that of a torpedo anchor
without an anchor wing, and the bearing capacity of torpedo anchors rises steadily
with the increasing bearing-plate radius or area.

(4) Based on the bearing capacity model test results of torpedo anchors, we established
the V-H envelope of torpedo-anchor bearing capacity. Through regression analysis, it
is concluded that for the torpedo anchors of T, EN3, EN4, and EC types, the envelope
coefficients A and B of bearing capacity are 2.753 and 4.522 respectively, and the
determination coefficient reaches 0.930, indicating that the established V-H envelope
formula is suitable for predicting the bearing capacity of torpedo anchors.
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