Journal of

Marine Science WW\D\PH
7

and Engineering

Article
On the Dragging Trajectory of Anchors in Clay for
Merchant Ships

Xinqing Zhuang !, Keliang Yan 2, Pan Gao %*© and Yihua Liu 1"*

Merchant Marine College, Shanghai Maritime University, Shanghai 201306, China; xinging@shmtu.edu.cn
College of Ocean Science and Engineering, Shanghai Maritime University, Shanghai 201306, China;
201930410037@stu.shmtu.edu.cn

*  Correspondence: pgao@shmtu.edu.cn (P.G.); liuyh@shmtu.edu.cn (Y.L.)

Abstract: Anchor dragging is a major threat to the structural integrity of submarine pipelines. A
mathematical model in which the mechanical model of chain and the bearing model of anchor were
coupled together. Based on the associated flow rule, an incremental procedure was proposed to
solve the spatial state of anchor until it reaches the ultimate embedding depth. With an indirect mea-
surement method for the anchor trajectory, a model test system was established. The mathematical
model was validated against some model tests, and the effects of two parameters were studied. It
was found that both the ultimate embedding depth of a dragging anchor and the distance it takes to
reach the ultimate depth increase with the shank-fluke pivot angle, but decrease as the undrained
shear strength of clay increases. The proposed model is supposed to be useful for the embedding
depth calculation and guiding the design of the pipeline burial depth.

Keywords: merchant ship anchor; dragging trajectory; ultimate embedding depth; burial depth of
pipeline; shank-fluke pivot angle
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of offshore pipelines and cables has been increasing rapidly in recent years. Statistical
data shows human activities such as fishing and commercial shipping is a major cause of
submarine pipeline and cable failure [1], especially for emergency anchoring [2—4]. This is
because the fishing trawl and anchors may impact or hook on the pipeline and cable, which
would cause either local denting or buckling of the pipe. On seabed with soft soils, the
anchor may be dragged away by the drifting ship as its holding capacity is low, especially
during emergency anchoring. If the anchor hooks on a pipeline, it could be devastating.
Therefore, the dragging trajectory of anchors, especially the ultimate embedment depth
thereof, should be well studied.

To protect pipelines from human activities, they are usually buried in the seabed.
Therefore, the penetration depth of an anchor during the dragging is critical for the design
of pipeline burial depth. However, there are no official rules or standards guiding the
design, either for the burial depth or the assessment of pipeline damage due to anchor
dragging. API-RP-2SK (2008) recommended that the maximum fluke tip penetration could
be up to three times the fluke length [5]. DNV-RP-E301 (2017) recommended an analytical
tool with which the equilibrium equations of the anchor line and anchor are resolved
iteratively [6]. However, these two guidelines are mainly for deepwater mooring design,
which is different from the anchoring process of merchant ships in shallow water. Besides
the lack of guidelines, academic studies on the anchor dragging process of merchant ships
conditions of the Creative Commons _ are also limited. Zhang (2013) and Wang (2016) proposed that the maximum penetration of
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calculate the maximum penetration depth of anchor dragging in rock berm [9]. It did
not consider the effect of the anchor chain. Gaudin et al. (2007, 2009) experimentally
investigated the anchor dragging trajectory in soils and rock berms, and validated the
rock protection for pipelines [10,11]. Wang and Chia (2010) numerically simulated the
anchor- rock interaction to optimize the rock armour protection design [12]. Selker et al.
(2018) assessed the influence of pipe burial depth on the consequence of dropping on and
dragging the pipeline by a dropped anchor [13]. Nevertheless, there is a lack of analytical
methods on the anchor dragging process of merchant ships, as well as prediction methods.

The anchor dragging process involves not only the anchor, but also the soils and the
anchor chain. To solve this problem, this paper establishes a mathematical model of the
interaction between the anchor, seabed and chain. A numerical algorithm is proposed to
solve the model. Based on studies on effects of the soil strength and the shank/fluke pivot
angle, some practical conclusions are drawn. By calculating the dragging trajectory, the
ultimate embedment depth can be determined, which is critical to the burial depth design
for the pipeline. The present work is supposed to guide future pipeline burial design.

2. Mathematical Modelling
2.1. Anchor Chain Modelling

Generally, a ship in emergency is slowed down by the anchoring force and the hydro-
dynamic resistance. However, the anchoring force plays a major role in slowing down a
ship encountering emergency incidents. Therefore, behavior of the anchor and chain should
be well examined when analyzing the kinetic motion of a ship in emergency anchoring.

The chain is connected to the ship and the anchor at both ends. Normally it can be
divided into two parts, including the suspended part and the on-seabed part. As shown
in Figure 1, the suspended part has a length of s, and its horizontal length is denoted as
Xs. The horizontal length of the on-seabed part is denoted as Xj. The anchor dragging
process involves the interaction between the chain, the soil and the anchor. The mechanical
equilibrium of the chain and the anchor is studied separately. Corresponding mathematical
models of the chain profile and the anchor orientation are set up. Then the two models
are coupled through the force continuum condition at the chain—shank joint. An iteration
procedure is proposed to the mathematical model.

( )

Xo ! Xs
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I
!

Figure 1. Schematic diagram of the anchoring process.

The interaction between the soil, the chain and the anchor are sketched in Figure 2.
The horizontally lying chain is not included in this figure, as it mainly transfers a horizontal
tension force to the embedded chain. The anchor is embedded in the soil and connected to
the chain. The tension between the chain and the anchor is denoted as T,. When dragging
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the anchor, the geometric profile of the chain and anchor will change as the tension between
them changes. It is because the embedment of the anchor normally increases its holding
capacity. Some characteristic parameters of the profile are shown in Figure 2. 6y and 0,
denote the angle of the chain at the mudline and the anchor pivot, respectively. 6, 0
and 6 denote the angle of the fluke, the angle of the shank and the angle between them,
respectively. To analyse the chain profile, Neubecker and Randolph (1995) proposed a
model of the anchor chain based on the catenary theory. The relationship between the
chain profile and the tension is expressed as

T, (eu2 - 902) /2 = zE,Neb(Suo + kz/2) )

where E;, is the chain diameter multipler, N, is bearing capacity factor of chain, b is the chain
diameter, S, is the undrained shear strength of clay at the mudline, k is the undrained
shear strength gradient of clay and z is the embedding depth of the shank-chain joint. It
has to be noted that the frictional force on the chain is not included in Equation (1). This is
because the frictional force is of the same order of magnitude as the chain’s weight, and
the tension is of the same order of magnitude as the breaking force of the chain. Normally,
the frictional force on the chain is neglectable compared to the tension.

MudLine

Chain

Shank

\ Fluke

Figure 2. Schematic diagram of the interaction between chain, anchor and soil.

As 0 is very small in shallow water conditions, it is assumed to be zero in the present
study. Equation (1) is therefore simplified as

Ta0s%2/2 = zE,Ncb(Syo +kz/2) , )

Given the tension and angle at both ends, the chain profile can be easily obtained
with the catenary theory. However, the tension couples the chain and the anchor together.
Dragging the anchor tends to make it penetrate deeper into the soil and increase the holding
capacity, and it in turn increases the tension in the chain. Once the horizontal tension force
in the chain is equal to the horizontal holding capacity of the anchor, an equilibrium state
is established. Then the ship will be slowed down by this holding force from the anchor.
In general, the tension and chain angle changes with the anchor embedding depth. The
derivative of 6, with respect to the depth z is

®)

@ — l + K 1 2ZEnNcb(Su0 + kZ/Z)
dz  \2z  4S,0+kz/2 T,
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2.2. Anchor-Soil Interaction Modelling

For the anchor, there are three forces acting on the fluke: the normal force F;, the
tangential force F; and the rotating moment M, as shown in Figure 3. There is also a tension
force F acting on the shank. As shown in Figure 2, the force F should be equal to the
tension Tj.

Fu = Fsin (07 + 05 ) = Fer, @

F = Fcos(Gfs + eus) ~Fo, ®)

M= FLf{sin<9fs + 9as> [% + Ii—;cos((%) - %] - c0s<9fs + 9u5>sin<9fs> f—;} =FLgc;  (6)
where 6, is the angle between the chain and the fluke, and L fr Ls and Lj are the length of
the fluke, shank and the anchor crown, respectively. In Equations (4)—-(6), parameters cy, ¢»

and c3 are used to simplify the equations, and they represent the relationships between the
forces acting on the fluke and the tension force acting on the shank from the chain.

FnA

M
AN
T >

|
\ Fluke

—~—

——— Centerline
of Fluke

Figure 3. Schematic diagram of forces on the fluke.

These forces can be normalized as follows:

Ng — F/SuAf
NTZ — FTZ/SMAf - Ngcl (7)
Nt = Ft/SuAf = NgC2

Nm = M/SuAfo = NgC3

where N,, N;;, Nt, Ny, are bearing capacity factors of the anchor, S, is the undrained shear
strength of the clay and Ay is the maximum projected area of the fluke.

The maximum bearing capacity factors of fluke in clay, Ny max, Nt max and Ny max, can
be calculated according to the models proposed by O’ Neill et al. (2003) [14], as shown in
Equation (8).

Ny max =31 +2+ %(zx+ 1%)

t t
Nimax = 2<oc + Nti,,é) ~ 20 +15 ®)

Nm,max = g(l + (E})z)

where ¢ ris the fluke thickness, and &« = 1/S;, where S; is the clay sensitivity.
Normally, the anchor fluke is subjected to combined loading of tangential force, normal
force and moment. In this case, the maximum bearing capacity in each direction will not
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be activated at the same time, but the forces and moment should lie on a yield surface. The
yielding surface proposed by Murff (1994) [15] was adopted in this study, in which the
normal force, tangential force and the moment have the relation as

f = (Fn/Fn,max)q + [(M/Mmux)m + (Ft/Ft,max)n}l/p -1=0 (9)

where Fy; j0x and Fi jqy are the bearing capacity in the normal and tangential directions,
and M,y is the bearing capacity of moment; m, n, p, g are the parameters describing the
geometric profile of the yield surface, and their values are taken as 0.81, 2.39, 0.71 and 2.94,
respectively.

Substituting Equations (4)—(6) into (9), the following equation is set up:

f= ('C”Ne ),, - K 5| )m + ('CQN")T/p ~1=0 (10)
Nn,mux Nm,max Nt,mﬂx

Lade (2005) pointed out that the difference between observed soil behavior and be-
havior predicted on the basis of associated flow is not pronounced for clays with lower
effective friction angles [16]. Employing the associated flow rule results in a great advan-
tage, because knowing either the yield surface or knowing the plastic potential surface
would automatically result in knowing both surfaces, which simplifies the mathematical
framework for the model of the plastic behavior. For clays, the dilation angle and the
internal friction angle are very low. Therefore, the associated flow rule in which the dilation
angle equals the internal friction angle is applicable to the clay. Assuming the associated
flow rule, that is the plastic flow develops along the normal to the yield surface, the angular

velocity B, the tangential velocity v; and the normal velocity v, of the fluke is obtained by
partially differentiate the function f. A scalar multiplier A is used to give the expression of

B, vy and vy,.
B = Adf/OM (11)
vy = Adf /OF (12)
v, = Adf /dF, (13)

Combining Equations (10) and (11)—(13), relationships between the angular velocity

B, the tangential velocity v; and the normal velocity can be obtained. The rotation to
tangential translation ratio R,; is

:Bﬂ . &m Nt,max (|Nm‘/Nm,max)m71

R, — = = (14)
" Ut |ca| 7 Ninmax (|Nt|/Nt,mux)n71
The normal to tangential translation ratio Ry is
q-1
R, = Un _ (Nt,max/Nn,max)(PQ/n) (‘Nn’/Nn,max) (15)

- -1
Ut [(|Nm/Nm,mux|)m + (|Nt/Nt,muan]1/p ! (|Nt|/Nt,max)n

When the anchor reaches the maximum embedment, R;; should satisfy the following
relation:
Ryt = 2 = tand (16)
nt 0 f

2.3. Solution Procedure

To obtain the trajectory of anchor dragging, the equations are solved explicitly. With
small time increment, displacements in the vertical and horizontal directions are solved
step by step until the equilibrium state is satisfied. Specifically, the problem is solved with
the following procedure:
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(1) Given a small tangential displacement increment As;, the normal displacement incre-
ment As, is solved according to Equation (15). Then the displacement increments in
the vertical and horizontal directions are obtained as Az = As; sin6y — Asy, cos 6 and
Ax = Astcos 05 + As, sin 6.

(2) Solve the increment of shank angle Af; according to Equation (14), and the increment
of 0, AB, is solved according to Equation (3).

(3) Based on the solution of Af;, A8,, 6,5 and 6 ¢ are updated, and then T, is updated.

(4) Repeat step (1) to step (3), until Equation (16) is satisfied.

3. Experimental Set-Up

The test system was comprised of a soil tank, a dragging system, an instrumentation
system and an anchor model. As shown in Figure 4, the soil tank was designed as T-shape
with a cubic tank and a channel. The channel was 6 m long and 1 m wide, providing space
for the dragging system to translate, while the cubic tank was 6 m long, 5 m wide and
3 m deep, providing space for the anchor dragging. The dragging system was designed
to horizontally drag the model anchor. It was configured with a vehicle, a railway and a
variable-frequency motor. The motor actuated the vehicle to translate horizontally on the
railway, and then the vehicle dragged the chain.

0.8

0.25

35

5.0

Figure 4. Schematic diagram of anchor dragging system.

As the anchor tends to embed into the soil, it is very difficult to measure the dragging
trajectory directly. An instrumentation system was designed to deduce the trajectory by
measuring some basic parameters of the anchor. As shown in Figure 5, a displacement
transducer was connected to the fluke center, and a force transducer was installed in
the chain. Two angle transducers were used to measure the angles of the fluke and the
displacement transducer line, respectively. With this system, the displacement of fluke
center /, the angle of displacement transducer line alpha, the fluke angle beta and the
tension T were measured. The position of the fluke center at time t was deduced according
to the following equations:

x = Icosa + Bcos
o o (17)
y=Isina — 5sinp
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where B is the length of fluke. The initial position of the fluke center was calculated as

X0 = lpcosagy + gcos Bo (18)
Yo = l() sinag — g sin ,80

Then the trajectory of the fluke is described as (x — xg, ¥ — yo)-

i

. Tension Sensor
Cable type displacement

sensor

Tilt Sensor 1

Tilt Sensor 2

Figure 5. Schematic diagram of Instrumentation system.

The instrumentation system was tested with a 36 kg Hall anchor. As shown in Figure 6,
the trajectory of the anchor was deduced from the measured data. However, it was not
smooth due to the signal noise, thus it was then filtered to get a smooth trajectory line. In
this case, the ultimate embedding depth was around 0.25 m.

0.0 —— Measured trajectory (original)
] —— Measured trajectory (smooth)
g
wo-0.1 o
g
Q.
(]
<
%ﬁ 02 il N
=] i
3 I
[
Jé 0.3
m 7

T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Horizontal distance x (m)

Figure 6. Typical test trajectory.
4. Results and Discussion
4.1. Validation of the Mathematical Model against the Test

To validate the mathematical model, two tests were conducted. In these two cases, a
36 kg and 100 kg Hall anchor were dragged respectively. Diameter b of the chain used in
the tests was 14 mm, and its line mass was 4.0 kg/m. Their parameters are listed in Table 1.

Table 1. Parameters of the model anchors.

Anchor Fluke Fluke Crown Shank Fluke Area
Weight (kg)  Thickness (m) Length (m) Length (m) Length (m) (m?)
36 0.02 0.26 0.055 0.5 0.0416
100 0.03 0.42 0.07 0.6 0.084

The 36 kg and 100 kg anchor were dragged in Clay 1 and Clay 2, respectively, of which
the parameters are listed in Table 2. The trajectory predicted with the mathematical model
was compared with the test in Figures 7 and 8. For the 100 kg anchor, the mathematical
model agrees very well with the test. Both the ultimate embedding depth and the dragging
distance were well predicted. For the 36 kg anchor, the ultimate embedding depth was well
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predicted, however the trajectory was not. This is probably attributed to the inaccurate
test of the 36 kg anchor, because it was relatively light and easy to be disturbed by the
un-uniform distribution of soils. Nevertheless, the mathematical model is believed to be
proper and accurate to predict the anchor dragging trajectory.

Table 2. Clay parameters in the tests.

Clav No Effective Density Mudline Undrained Undrained Shear Strength
y o (kg/m?) Shear Strength (kPa) Gradient (kPa/m)
1 750 2.5 1.42
2 800 4.0 1.80
0.0 _ —— Theoretical trajectory|
—— Measured trajectory
~ -0.1 4
g ]
= 02
a ]
E’D -0.3 +
.8 1
3 -044
2 ]
& 2054
-0.6 T T T

. T r
0.0 0.5 1.0 1.5 2.0

Horizontal distance x (m)

Figure 7. Comparison of the trajectory of 36 kg anchor.

0.0 4
—— Theoretical trajectory|
_ —— Measured trajectory
s -0.14
(8]
=
o -0.24
(]
o
g
5 -0.34
s
[0
E
m  -0.4 1
-0.5 T I

T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Horizontal distance x (m)

Figure 8. Comparison of the trajectory of 100 kg anchor.

4.2. Effects of the Soil Strength

Effects of the undrained shear strength of clay on the anchor dragging trajectory were
studied with a 100 kg Hall anchor. Five cases with different undrained shear strengths were
numerically simulated; in these cases, the undrained shear strength at the mudline was
2.2 kPa, and increased with the depth by 1, 2, 3, 4, 5 kPa/m. The pivot angle of the anchor
was fixed as 40°. The dragging trajectories of these cases are plotted in Figure 9. It is shown
that both the ultimate embedding depth of anchor and the dragging distance it takes to
reach the ultimate embedding depth increase as the undrained shear strength decreases.
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0.0 —m—k =1 kPal
3 —@—k =2 kPq
0.1k —&—k =3 kPa
’é\ vk =4 kPa
— —0—k=5kPq
N
5 -0.2
o
[}
o
2 3t
=]
ks
(]
E 04
& -0.4
_05 1 L " " 1 L " " L 1 1 J
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5 5.0

Horizontal distance x (m)
Figure 9. Comparison of the trajectory of 100 kg anchor.

4.3. Effects of the Shank/Fluke Pivot Angle

With the 100 kg Hall anchor, effects of the fluke/shank pivot angle on the anchor
dragging trajectory were also studied. The dragging trajectories of four anchors with pivot
angles of 30°, 35°, 40° and 45° were calculated. In these cases, the undrained shear strength
at mudline was 2.2 kPa, increasing by 4 kPa/m with the depth. As shown in Figure 10,
both the ultimate embedding depth of anchor and the dragging distance it takes to reach
the ultimate embedding depth increase with the pivot angle.

—m—30°

Embedding depth z (m)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Horizontal distance x (m)

Figure 10. Comparison of the trajectory of 100 kg anchor

As shown in Figures 9 and 10, the horizontal distance it takes to reach the ultimate
embedment depth is several times that of the embedment. During the anchoring process,
the anchor will be furtherly dragged as the ship is slowed down. However, the horizontal
displacement is not critical for the design of the burial depth design of pipelines. The
calculation of the dragging trajectory in this study is dedicated to determine the ultimate
embedment depth, which is critical to the burial depth design.

5. Conclusions

In this paper, both a mathematical model coupling the chain, the anchor and the clay,
and the solution procedures are proposed. The model was validated with model tests, and
the effects of parameters including the undrained shear strength and the shank-fluke pivot
angle were investigated. The following conclusions are drawn:
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(1) The proposed mathematical model can precisely predict the dragging trajectory of
anchors, as it agrees well with the model tests. However, for tests with relatively
small anchors, the measured trajectory is susceptible to disturbance.

(2) Both the ultimate embedding depth of a dragging anchor and the distance it takes to
reach the ultimate depth increase as the undrained shear strength of clay decreases.

(3) The ultimate embedding depth of a dragging anchor and the distance it takes to reach
the ultimate depth all increase with the shank-fluke pivot angle.
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Abbreviations

b chain diameter

c1, €2, C3 dimensionless parameters

m,n,p,q yield surface parameters

s suspended chain length

z embedding depth

E, chain diameter multiplier

N bearing capacity factor of chain

Sy clay sensitivity

Swo0 undrained shear strength of clay at the mudline
k vertical undrained shear strength gradient
F, normal force on the fluke

F tangential force on the fluke

M rotating moment on the fluke

N¢, Nu, Ny, Ny bearing capacity factors of the anchor
Ta tension between chain and anchor

X horizontal length of suspended chain
Ly anchor fluke length

Ls anchor shank length

L; anchor crown length

tr the fluke thickness

Bo chain angle at the mudline

04 chain angle at the anchor pivot

O angle of the fluke

0 angle of the shank

Ofs angle between the fluke and shank
0as angle between the chain and the fluke
[3 angular velocity of the fluke

vy tangential velocity of the fluke

Uy normal velocity of the fluke

Ryt rotation to tangential translation ratio
Ryt normal to tangential translation ratio

Xo horizontal length of on-seabed chain
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