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Abstract: Torpedo anchors are a new type of anchoring system in deepwater that is much more
economical than conventional anchoring methods. The dynamic penetration process is vitally im-
portant to the installation of torpedo anchors. Based on the spherical cavity expansion theory, the
dynamic response characteristics of pressure-locked soils are analyzed using the Mohr-Coulomb
criterion. The equations for the penetration of torpedo anchors with bullet-shaped heads are es-
tablished considering rod friction. Subsequently, the analytical solutions for velocity, acceleration,
and final penetration depth and the approximate analytical solution for penetration depth vs. time
are obtained. The established penetration equation is solved using MATLAB software to obtain a
semi-analytical solution, and the model tests on the penetration of a torpedo anchor with different
initial velocities into saturated sand with different densities were conducted. A comparison of the test
results shows that the analytical solution and the semi-analytical solution can well predict the model
test results, indicating that the established analytical method can be used to analyze the penetration
process of torpedo anchors. The research results can provide a guideline to the installation of torpedo
anchors into the seabed in actual engineering.

Keywords: spherical cavity expansion; side friction; torpedo anchor; penetration; sand

1. Introduction

Gravity anchors are used in the mooring system of deep-sea oil and gas exploitation
platforms, and their pull-out capacity is very important for engineering design. Gravity
anchors such as torpedo anchors are freely released at a height of 30 to 50 m above the
seafloor and penetrate into the seafloor through their own weight and velocity [1]. In 2000,
Petrobras used torpedo anchors in the mooring system of a floating production, storage, and
offloading (FPSO) platform. The process of the dynamic penetration of torpedo anchors into
seafloor soils can be considered a penetration problem. In the military field, the penetration
depth of an earth penetrator is a primary concern, for which the penetration equation has
been proposed through a large number of tests. The torpedo anchor is composed of an
anchor head, an anchor rod, and anchor wings, with a length of 12 to 15 m, a diameter of
762 to 1077 mm, and a weight of 240 to 950 kN [2]. The factors affecting the bearing capacity
of the torpedo anchor include its own weight, the penetration depth, the mechanical
properties of the seafloor soils, and the geometry of the torpedo anchor.

Chen et al. [3] conducted laboratory tests to investigate the penetration behavior and
pullout capacity of a torpedo anchor under vibration, and found that the anchoring force
and penetration depth of a self-penetration torpedo anchor are not restrained by water
depth and drop height. Ads et al. [4] reported that the fin length of a torpedo anchor
negatively correlated with penetration depth and positively correlated with maximum
extraction resistance, and soil displacement increased with increasing penetration depth till
full embedment. Based on the discrete element method, Zhang et al. [5] investigated the

J. Mar. Sci. Eng. 2022, 10, 1097. https:/ /doi.org/10.3390/jmse10081097

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse10081097
https://doi.org/10.3390/jmse10081097
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-6188-9750
https://orcid.org/0000-0002-2392-6629
https://doi.org/10.3390/jmse10081097
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10081097?type=check_update&version=1

J. Mar. Sci. Eng. 2022, 10, 1097

20f13

effect of anchor mass, impact velocity, and interparticle friction on the penetration process
of a torpedo anchor, and concluded that the penetration increased with increasing impact
velocity, and decreased with increasing interparticle friction. Based on large deformation
finite element analysis, Kim et al. [6,7] reported that under the condition of the demarca-
tion point that lies within the top stiff layer, the penetration depth of the torpedo anchor
decreased with increasing of strength ratio, and the penetration is stopped between two
layers when the strength ratio is higher than 15. Furthermore, an improved analytical
embedment model was proposed based on strain rate dependent shearing resistance and
drag resistance. Hossain et al. [8] found that the embedment depth of a torpedo anchor
increased with increasing impact velocity, and decreased with increasing soil shear strength.
The geometries of fin and tip had a significant effect on the bearing capacity, and the rectan-
gular fin and conical tip proved to be more effective. Coupled with the advantages of the
torpedo anchor and plate anchor, Lai et al. [9] concluded that the penetration depth of the
new hybrid anchor increased with increasing impact velocity, and the new hybrid anchor
could penetrate through the stiff layers. Fernandes et al. [10] concluded that the shape
and mass distribution of the torpedo anchor have a remarkable effect on the directional
stability, and the rear line influenced the terminal velocity and directional stability. Liu
et al. [11] noted that the factors affecting the penetration of a gravity-installed anchor
followed the order of undrained shear strength, impact velocity, strain rate dependency,
friction coefficient, and strain-softening of soil. Based on a computational fluid dynamics
approach, Raie and Tassoulas [12] developed a procedure to predict the embedment depth
of the torpedo anchor, the pressure and shear distribution on the interface and in the
soil. The research results provide a guideline to the installation of a torpedo anchor in a
deep-sea project. Based on finite element analysis, Sabetamal et al. [13,14] revealed that a
smooth discretization of the contact interface between soil and structure is a crucial factor
to avoid oscillations in the prediction of a dynamic response of soil during penetration of a
torpedo anchor. Based on small-scale model tests, True [15-17] measured the acceleration
time-history curves of torpedo anchors with different anchor tip shapes during their pene-
tration into soft clay, silt, and cement soils and established the torpedo anchor penetration
equation based on Newton'’s second law of motion and the theory of the ultimate bearing
capacity of foundations. Considering the nonmonotonicity of the measured acceleration
time-history curves and assuming that the net resistance is a composite function of the
velocity squared and depth, Boguslavskii et al. [18] obtained analytical solutions for veloc-
ity, acceleration, and final penetration depth, determined the parameters in the analytical
solutions based on dimensional analysis, and compared the analytical solutions with the
test results. O’Loughlin et al. [19,20] studied the penetration process of torpedo anchors
with a centrifuge model test and combined the existing test results to establish an empirical
formula of penetration depth based on the energy balance. O’Beirne et al. [21] analyzed
the entire process from release to rest of a penetrating torpedo anchor, established the
calculation model for the entire release-to-rest process, and compared it with the field
model test. Nazem et al. [22] used the ALE method to perform a numerical analysis on
the process of the dynamic penetration of a torpedo anchor into a uniform clay layer and
provided a dynamic penetration factor. Bishop et al. [23] applied the cylindrical cavity
and spherical cavity expansion theory in a quasistatic state to calculate the pressure on the
conical surface when a conical object is slowly pressed into a metal. Forrestal and Luk [24]
applied the spherical cavity expansion theory to analyze the dynamic response of the soil
at a constant cavity expansion velocity, established the equation for the vertical penetration
of a long rod with a bullet-shaped tip into the soil, and provided the analytical solutions for
velocity, acceleration, and penetration depth. The reliability of the calculation results was
verified by actual penetration tests in the field. Shi et al. [25] used the p-« state equation and
the Mohr-Coulomb-Tresca criterion to describe the constitutive relationship of dry sand,
obtained the formula for calculating the depth of a projectile vertically penetrating dry
sand based on the spherical cavity expansion theory, and compared the analytical results
with the test results. Chian et al. [26] studied the influences of the projectile nose shape, the
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relative density of sand, and the projectile mass on the penetration process and found that
the shape and mass of the projectile nose significantly affect the total absorption energy
of sand.

The penetration of torpedo anchors into soil was mainly studied using torpedo anchors
as the research object. The force was analyzed, Newton’s second law was used to establish
the equation of motion, and the resistance of soil to the torpedo anchor was expressed by
the ultimate tip resistance. However, the penetration process of a torpedo anchor into soil
is a dynamic problem, thereby it is necessary to consider the dynamic response of soil. In
addition, because the torpedo anchor has a low installation speed (20 to 30 m/s) and a
large length-to-diameter ratio, the cavity expansion phenomenon is not remarkable, so the
frictional resistance [27] between the anchor rod and the cavity wall cannot be ignored.
In this study, the locked hydrostat model and the Mohr-Coulomb criterion are used to
describe the constitutive relationship of soil. Based on the spherical cavity expansion theory
and assuming that the cavity expansion velocity is constant, the governing equations for
the elastic and plastic regions of soil and the normal stress of the cavity wall are established.
On this basis, assuming a plane strain condition and considering the friction between the
anchor rod and the cavity wall, Newton’s second law is applied to establish the equation
of motion of torpedo anchors, from which the analytical solution for the torpedo anchor
penetration equation is obtained. Furthermore, a semi-analytical method by MATLAB
software was used to solve the penetration equation. A self-made penetration device was
used to carry out a small-scale model test of torpedo anchor penetration into saturated sand.
Finally, a comparison between analytical, semi-analytical, and test results were conducted
to verify the feasibility of the analytical method.

2. Torpedo Anchor Penetration Equations
2.1. Calculation for the Axial Force of the Anchor Tip

It is assumed that the torpedo anchor vertically penetrates the seafloor soil with an
initial velocity of Vj and proceeds to penetrate at velocity V,. The anchor tip squeezes the
soil around it to form a cavity, assuming that the anchor and surrounding soil makecontact.
The diameter of the cavity gradually increases from zero to the rod diameter during
the penetration process. When the velocity reaches zero, the penetration process ends.
The radial stress and tangential stress acting at the anchor tip are denoted as 0, and o,
respectively, as shown in Figure 1. For the torpedo anchor, the motion and final depth
can be calculated when forces on the anchor tip are known. Therefore, we first model the
anchor tip resistance and then calculate velocity, deceleration, and penetration depth.

—

Figure 1. Stress analysis of the bullet-shaped anchor tip.

Let the anchor tip be bullet-shaped, with a shape factor of CRH = 1 = s/2a, where a
is the radius of the anchor rod, and s is the radius of the anchor tip arc. Let the friction
coefficient between the anchor tip and the soil be 771 and the penetration velocity be V.
The normal force acting on the segment sd¢ of the anchor tip is

dF, = 27tRsod¢p 1
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where R = ssin¢ — (s — a).
The component in the axial direction of the anchor tip is

sS—a
S

dF,, = 27s%0n(V,, ¢) cos ¢ {sin ¢ — } d¢ )

The upward component of tangential friction in the axial direction of the anchor tip is

s—a

dF,, = 2715200 (V,, ¢) 1 sin {sin¢ -

] d¢ ®)

Then, the resultant force in the axial direction of the anchor tip is

dF, = 27s%00(Vy, ¢) [singb - s;a} (cos ¢+ ny sing)d¢ 4)
The total resultant force in the axial direction of the anchor tip is obtained by integrat-
ing Equation (4)
F, = 27152/7 { [simp - S_sa] (cosp + 1 Sin¢)}0n(VZ,4))d4) (5)
Po

where @) = arcsin(=2) = arcsin(%).
2.2. Spherical Cavity Expansion Theory
2.2.1. Plastic Region Response

Let the velocity of the spherical cavity be a constant, and the radius of the spherical
cavity r be increased from zero to a. It is assumed that the soil is a homogeneous, non-
viscous and isotropic elastic-plastic material. The soil is saturated and incompressible, and
the expansion of spherical cavity is regarded as an undrained process. As the soil cavity
is expanded, it is assumed that a plastic response region and an elastic response region
are formed in the soil surrounding the cavity (Figure 2). The plastic region is bounded
by the radii Vi and c;, where ¢ is the time, V is the cavity expansion velocity and c is the
elastic-plastic interface velocity. It is assumed that the constitutive relationship of the soil
in the plastic region is expressed by a locked hydrostat (pressure-volumetric strain) and
follows the Mohr-Coulomb yield criterion. The elastic region is taken as an incompressible
elastic material and the constitutive relationship follows Hooke law. In addition, the stress
and strain are defined as positive when subject to compression.

elastic
region
plastic region

Vi ct

Figure 2. Soil response regions.

For a locked hydrostat, the Mohr-Coulomb yield criterion and spherical symmetry
can be expressed [24]:

(Ur + 2(76)

*:1_7
g 3

w0t —0p =To+Ap, p=
where py and p* are the initial and locked (compacted) densities of soil, respectively, #* is
the locked volumetric strain, o and g are the radial and tangential components of Cauchy
stress, respectively, Tp and A are yield parameters, and p is the average principal stress.
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In the Lagrangian coordinate system, the momentum and mass conservation equations
can be expressed as

J0y Ju %u
(r—l—u)zar—|—2<1+ar>(r+u)(crr—ae)+porzat2 =0 (6)
19 3] _ P02
gg{(r—i-u) } = ;r (7)

where r is the radial coordinate, u is the radial displacement, and p is the current density.
The boundary condition at the cavity wall is

u(r=0,t) =Vt 8)

2.2.2. Elastic-Plastic Contact Surface

The Hugoniot jump condition, i.e., the momentum and mass conservation condition,
is satisfied on the elastic-plastic interface

p2(v2 —¢) = p1(v1 —¢) )
02 + p202(v2 — ¢) = 01 + p1v1(v1 —¢)

where the subscripts 1 and 2 represent the plastic and elastic regions, respectively.

2.2.3. Incompressible Elastic Region Response

The mass conservation equation is

du u
—42- = 1
dr r 0 (10)

If the convection term is ignored, the momentum equation can be expressed as

doy | 2(0y —09) %u
or * r P onr (11)
By solving Equations (6)—(11) using the similarity transformation, we can obtain the
solutions corresponding to the plastic and elastic regions. In particular, the normal stress at
the cavity wall can be expressed as

on(Vz, 9) = 0r = Ao+ BpoV? (12)
20
_ 1 (147/2E 1 _ 3 1 (147/2E _ 3
whereA—&(%)—X,B—W—l—?(%) (C1+C2),C1—%+

w130\ ~ _ _ PR0-1")2-a)+377 v o
T ( TEO) G = T e et Y T e & = 3 (3 424),

2.3. Penetration Equations

Let the penetration velocity of the torpedo anchor at any time be V; then the cavity
expansion velocity is V = V; cos ¢.

2.3.1. Calculation of the Axial Force of the Anchor Tip

Substituting Equation (12) into Equation (5) gives the upward resultant force in the
axial direction of the anchor tip as

F, = a5+ Bs V7 (13)

where a; = ma’HA {1 + 42 (1t/2 — @) — (2 — 1) (4y — 1)1/2}, Bs = ma’poB
B 711(21#1)(6¢2+4¢1)(4¢1)”2}

(S + my?(/2 — o) o
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2.3.2. Motion Equation of the Torpedo Anchor

Let the torpedo anchor vertically penetrate the soil with an initial velocity of V. The
seafloor surface is taken as the coordinate origin, and the positive z coordinate direction is
vertically downward. Let the time be ¢ and the penetration depth of the anchor tip be z.
The equation of motion can be expressed as

d?z

mﬁ =mg—F, —F (14)
where F, is the axial force of the anchor tip and can be calculated by Equation (13). F; is
the friction between the anchor rod and the soil. Under the assumption that the anchor
rod is not separated from the soil, the anchor shank bears the earth pressure in the normal
direction. Let the rod-soil friction coefficient be 77, and the anchor length be L. Then, the
friction F acting on the anchor rod can be expressed as

Whenz <L
z
F= /27m1721<pghdh =rtan, Kz (15)
0
Whenz>L .
F= / 2rtan,Koghdh =manKy(2z — L)L (16)
z—L

where K is the earth pressure coefficient.
By substituting Equations (13) and (15) into Equation (14), we have
Whenz <L

d?*z dz\? 5
mdtz =mg —as — Ps <dt> — mtijKayz (17)
When z > L
d’z dz\?
My = M8~ s~ Bs <dt> — mtipKaLly(2z — L) (18)

Equations (17) and (18) are the equations of motion of the torpedo anchor.

2
To solve Equation (17), lety = %, and % = %% = y%.

Then, Equation (17) is reduced to a first-order ordinary differential equation

dy &s Bs o manKy ,
- s _Fs 2 TPATMT 1
ydz 3 m m m z (19)
Letu= yz ; then, Equation (19) can be expressed as
du 2Bs 20 2manpKy 5
&t w8 T T T ¢ 20)

The initial conditions are t =0, z = 0, and u = V2.
The general solution for Equation (20) is
Gy 4 88 (21)

o T ) () e 2

The constant C3 in Equation (21) is determined by the initial conditions:

2Bsz

47ra172K'y( m >3 mg — ag 5
Ca=—"""1 | — | — +V
3 - 265 B 0
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Then, the solution of Equation (19) is

2
2Psz 2 2
= e — a2<§;z) +2a2<5jz> tas 22)
3 3

By substituting u = y* = sz into Equatlon (22), we have

2
V2= 61187% —az (2[3";2) + 2a; <255 > + a3 (23)

When the penetration depth of the torpedo anchor exceeds one anchor length, the
solution for Equation (18) can be obtained using the same method and expressed as

—2pBsz R 2
V,2 = agen +m—w( ) ( Pz 1) (24)
2Bs
2,15 +27‘mK172'yL2 W = 47mI<172'yL

285
) (i) (5 ) -]
R=2g— 212

Equatlons (23) and (24) show the relationships between the penetration velocity and
the penetration depth when the penetration depth of the torpedo anchor is less than and
greater than the anchor length, respectively.

By taking the derivative of both sides of Equations (23) and (24) with respect to ¢, we
can obtain the relationship between the acceleration and penetration depth of the torpedo

2BsL —2BsL

where a3 = e m {ale i —az(ﬂ) +2a2(

anchor as )
dv; 2sz 2 2
z _ _ﬂl,Bse_ o _a2<,Bs> Z+ ,BSHZ (25)
dt m m m
dv; ayfs 2= Wm
- = _ =2 m — 2
dt m 45, (26)
To obtain the variation in the penetration depth with time, let x = zﬁ 2. then
Equation (23) is simplified as
1%—\/a e~ —apx? + 2arx +a (27)
2B, dr VAo 2 2 3

By integrating Equation (27), we have

2Ps / dt = / dx (28)
m Vaje ¥ — apx? + 2a,x + a3

There is no analytical solution for the integral on the right side of Equation (28). To
obtain an approximate solution, we can approximately express e ¥ as e~ = Agx? + Box + Co.
Then, Equation (28) is approximately expressed as

Z—'BS/dt -/ dx (29)
m \/(ale—llz)xz—F (a1B0—|—2a2)x+a1C0+a3

When a1 Ay —ap > 0,

‘Bst =Cy+ In|2(ay Ao — az)x + a1 By + 2a; +2\/a1A07u2\/(u1A0faz)xqu(a180+2a2)x+a1C0+a3 (30)

1
VarAg —az
The integral constant C4 in Equation (30) can be determined by the initial conditions,
and the approximate solution for Equation (27) is obtained as
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t

Lﬁst _ 1 In 2(a1Ag — az)x + a1 By + 2ay + 2v/a1 Ag — ap \/ a1Ag — a2)x2 + (a1 By + 2a3)x + a1Co + a3 @31)
m Va Ay —ay a1Bg + 2ap + 2+/a1Ag — ax\/a1Cy + a3
By substituting x = /5 2 into Equation (31), we have
2
m In 2(111A0 —112)27/5524‘111304'2112 +2\/{11A0 —llz\/(llle —112)(2755) ZZ+ ({1130 +2112)2,‘?;SZ+111C0+113 (32)
2Bsv/a1Ag — a a1Bg + 2ay + 2+/a1 Ag — a+/a1Cy + a3

When the penetration depth z = L, the required time #; is determined by Equation (32):

2(a1Ag — az)zﬁsL +a1By + 2a; + 2v/a1Ag — a; \/ (a1 Ao — az)(zﬁs) L2 + (a1By +2a2)2ﬁ5L +a1Cy +az
a1By + 2a; +2+/a1 Ag — az1/a1:Co + a3

m
= In

2[35\/ﬂ1A0 —ap (33)

When the penetration depth z > L, Equation (24) is solved using the same method
to obtain

26, m 5 2, 2
20440222 + a,B) — w(ﬁ) NI a4A0 + |ayBy — w(le ) z+aCo+ 3R + w(zﬁg)
m

TRVOv T (34)

b=t +
2
2114A0275L+u4307W(2%’5) +2\/a4A0\/u4A0 % 2y {awofw(ﬁ) } Bl +04Co + R +w(2ﬁ)

Equations (32) and (34) represent the time needed for the penetration depth of the
torpedo anchor when the penetration depth is less than and greater than the anchor
length, respectively.

The final penetration depth of the torpedo anchor Zna.x can be determined by
Equation (23) or Equation (24):

(1) Zmax S L
Zmax 2B5Zmax \ > 2BsZ
111672/35'7’ —a < lgsmmax> +2a, ( ﬁsmmax> Ya3=0 (35)
(2 Zmax>L
2ﬂ4ﬁs —2BsZmax Wm
——e n  —WZ R =
p max + R+ 26, 0 (36)
If the friction on the rod is not considered, the final penetration depth Z .y is
AL, 1357‘/02 _1 (37)
max — 2,35 mg — s

Therefore, the analytical solution for penetration depth vs. the velocity, penetration
depth vs. acceleration, final penetration depth, and penetration depth vs. time of the torpedo
anchor are obtained. From the engineering application viewpoint, Equations (23) and (24)
can be used to calculate penetration depth vs. velocity, Equations (25) and (26) can be
used to calculate penetration depth vs. acceleration, Equations (32)-(34) can be used to
calculate penetration depth vs. time, and Equations (35)—(37) can be used to calculate the
final penetration depth.

3. Model Test of Torpedo Anchor Penetration into Saturated Sand
3.1. Test Materials and Device

The soil samples used in the test were Fujian standard sand with a specific gravity
of 2.66, and the maximum and minimum dry densities were 1.93 g/cm? and 1.53 g/cm?,
respectively. Given the particle-size distribution curve of the test sand, as shown in Figure 3,
it can be concluded that the test sand was poorly graded sand. Figure 4 shows the schematic
of the model test setup. The model torpedo has an anchor length of 175 mm, a diameter
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of 25 mm, and a mass of 235 g. The anchor tip is bullet shaped with CRH = ¢ = 1.69,
the anchor head is made of stainless steel, and the anchor rod is made of an aluminum
alloy. The anchor rod is hollow with a built-in micro electro mechanical system (MEMS)
accelerometer, which has a measurement range of +500 g.

100

& =) o]
=) S =)
T T

Percent passing (%)
[~
(=}

(=]

1 0.1 0.01
Grain size (mm)

S

Figure 3. Particle-size distribution curve of the test sand.

QB/ Elevator device

2 n Computer

Beam

—
Steel rods|
Lo \J

Accelerometer

]

Ejector

Signal transmitter

Data acquisition

Model box |;
\ instrument

Figure 4. Schematic of the model test setup (a) layout of penetration test; (b) ejection device;
(c) torpedo anchor.

The plexiglass tube with an inner diameter of 220 mm, a height of 600 mm and a
thickness of 10 mm was used as a model box. The hole was located in the center of the
bottom, and a layer of geotextile was laid to ensure the uniformity of saturated samples.
The self-designed ejection device consists of a movable support frame and an ejector. The
ejector is mainly composed of a tension screw, a steel strand, an ejection rod, a model
torpedo anchor bracket, a velocity control pawl, a trigger, and a velocimetry system with an
ejection velocity of 15 to 30 m/s. Real-time data acquisition with the MEMS accelerometer
and photogate signals was performed using the TWD dynamic data acquisition instrument
(Beijing Taize Technology Development Co., Ltd., Beijing, China), with an acquisition
frequency of 10 kHz, which met the test requirements. The penetration depth of the model
anchor was measured by the flexible rope connected to the anchor tail.

3.2. Test Methods

The height of the samples was 500 mm. According to the designed density and loading
height, the required sand mass was calculated and then loaded four times and compacted
in layers. After compaction, the water was slowly supplied to the sand sample from the
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hole at the bottom, and back pressure was pumped on the surface of the sand to make the
water rise slowly from the bottom to top. When the water level was more than 2 cm above
the soil sample, the water supply was stopped and left to stand for enough time to saturate
the sand sample. Subsequently, a suction ball was used to absorb the excess water on the
sand surface before the penetration test.

Due to the limitations of the test conditions, it was difficult to measure the locked
density of the sand. Therefore, we used the maximum dry density of the sand pgmax to
replace p*. In the tests, sands with four different relative densities (0.80, 0.70, 0.65, and 0.60)
were labeled as A, B, C, and D, respectively, and each was assigned three velocity levels, for
a total of 12 sets of tests. During the test, the model box was placed directly under the ejector,
the accelerometer was preloaded into the torpedo anchor, which was installed at the bracket
of the ejector, and the signal lines of the accelerometer and photogate were connected to
the data acquisition instrument. The steel strand was pulled to the corresponding gear via
the screw at a predesigned speed. When the signal acquisition instrument was ready, the
trigger was pressed to launch the model torpedo anchor.

4. Comparison between Experimental, Analytical and Semi-Analytical Results

The strength parameters of the saturated sand with different densities were obtained
by triaxial tests (Table 1). The parameters of the model torpedo anchor are shown in Table 2.
According to the parameters listed in Tables 1 and 2 and the initial penetration velocity V)
measured in the test, theoretical calculations and analyses for each penetration test were
conducted. Equations (23)-(26) show the relationship between the penetration velocity,
acceleration, and penetration depth of the torpedo anchor. Based on the penetration depth
in the model tests, the parameters in Equations (32)-(34) were approximately determined
through preliminary calculations to be Ay = 0.2579, By = —0.8825, and Cy = 0.9872. The fric-
tion coefficient 1 between the anchor tip and the soil and the friction coefficient 77, between
the anchor rod and the soil were both experimentally determined to be approximately
0.35 [28]. The passive earth pressure coefficient was adopted. For an additional compara-
tive analysis, the semi-analytical solutions for Equations (17) and (18) were obtained using
MATLAB software.

Table 1. Strength parameters of saturated sand.

No. D, To/kPa A pl(g/cm3) E/MPa
A 0.60 22.641 1.40 1.747
B 0.65 25.656 1.41 1.767 100
C 0.70 26.094 1.43 1.789
D 0.80 31.549 1.47 1.834

Table 2. Dimensions of the torpedo anchor.

L/mm d/mm mlg P 0o
175 25 235 1.69 0.78

4.1. Curves of Acceleration with Depth

The median filter method was employed to filter out the high-frequency components
from the acceleration time-history signal using the built-in filter program in MATLAB. To
facilitate comparison, the measured acceleration time-history curve was integrated twice to
obtain the variation curve of acceleration with depth. Figure 5 shows the variation curves
of acceleration with depth for saturated sands with different densities and model torpedo
anchors with different initial velocities. It can be observed that the acceleration decreased
with increasing depth and gradually decreased to zero. Both the analytical solutions and
the semi-analytical solutions are in good overall agreement with the measured results,
indicating that the cavity expansion theory can be used to analyze the dynamic penetration
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process of torpedo anchor. In addition, there is still some deviation between the predicted
results and the measured results in the later section of the variation curve of acceleration
with depth.

a(g) a(g)
00 -50 -100 -150 =200 -250 -300 -350 ()0 -50 -100 -150 -200 -250
2F a 4
4t 1 S
6 4
Py ~10
g 8r E =
S N2
~ 10+ ! N 1S
12+ -
14 Experimental result 20k Experimental result
16 Analytical result 4 —— Analytical result
- = = Semi-analytical result ~ = = Semi-analytical result
18 L L L L L L 25 L ' .
a(g) a(g)
0 -50 -100 -150 -200 0 -30 -60 90 -120 -150 -180
0 T 0 - - e
C £
5t . 5 ]
~10F 1 ~10 B
5 5
~ =
™NOISE e N5 4
20 Experimental result | 20 Experimental result 4
Analytical result Analytical result
= = = Semi-analytical result = = = Semi-analytical result
25 L L L 25 . L L L s

Figure 5. Curves of depth vs. acceleration (a) Dy = 0.80, Vy =22.5m/s; (b) D, = 0.70, Vj =23 m/s;
(c) Dy =0.65, Vg =20.1m/s; (d) Dy = 0.60, Vj =20 m/s.

4.2. Curves of Velocity with Depth

Figure 6 shows the variation curves of velocity with depth for saturated sands with
different densities and torpedo anchors with different initial velocities. As shown in the
figures, the velocity decreased with increasing depth, and the analytical solution and
semi-analytical solution both align well with the measured results.
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Figure 6. Curves of depth vs. velocity (a) D; = 0.80, Vo = 22.5 m/s; (b) D; = 0.70, Vy =23 m/s;
(c) Dy = 0.65, Vg = 20.1 m/s; (d) Dy = 0.60, Vg = 20 m/s.
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4.3. Final Penetration Depth

Table 3 shows the test values of the final penetration depth of the model torpedo
anchor, the integral values of the measured acceleration curve, the semi-analytical solution,
and the analytical solution values under different sand densities and initial penetration
velocities. As shown in Table 3, under different sand densities, the measured penetration
depth is generally consistent with the calculation results based on the test acceleration
time-history curve, indicating that the accelerometer used in the test has a relatively high
accuracy. The analytical solution and semi-analytical solution are largely consistent with the
measured results, indicating that the established equation for torpedo anchor penetration
can describe the penetration process of a torpedo anchor.

Table 3. Comparison of final penetration depths.

No. Vo/m/s Zy/lcm Z1/lcm Zr/cm Z3/cm
Al 16.7 12.3 12.7 11.4 114
A2 20.1 14.5 14.3 14.1 14.1
A3 225 16.2 16.3 15.9 15.9
Bl 16.8 16.3 16.4 16.4 16.4
B2 20.1 18.6 18.5 18.6 18.6
B3 23.0 20.7 20.5 21.0 21.0
C1 16.6 16.9 17.0 16.8 16.8
C2 20.1 20.5 20.9 20.2 20.2
C3 22.3 21.8 21.6 22.4 22.4
D1 16.6 18.9 18.6 18.7 18.7
D2 20.0 225 22.2 224 224
D3 22.0 24.2 24.1 24.4 24.4

Zy = measured depth; Z; = penetration depth obtained by integrating the measured acceleration curve;
Z, = semi-analytical solution of penetration depth; Z3 = analytical solution of penetration depth.

5. Conclusions

By assuming that the soil is a pressure-locked material that follows the Mohr-Coulomb
criterion, we analyzed the dynamic response characteristics of compressible soil based on
the spherical cavity expansion theory. Under the plane strain assumption, the penetration
equations of torpedo anchors were established by applying Newton’s second law. The
analytical solutions for acceleration vs. depth, velocity vs. depth, and penetration depth
and the approximate analytical solution for penetration depth as a function of time were
given. A comparison between analytical, semi-analytical, and test results showed that the
theoretical solutions are in good alignment with the measured results, indicating that the
analytical solution established in this study can be used to analyze the penetration process
of torpedo anchors.
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