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Abstract: Anchors may exhibit various complicated behaviors in the seabed, especially for deepwater
anchors including gravity installed anchors (GIAs) and drag embedment plate anchors (drag anchors),
stimulating the development of an efficient analytical tool that applies to a variety of anchors. The
present paper introduces a unified model for analyzing different anchor behaviors in both clay and
sand, consisting of unified concepts, mechanical models, and analytical procedure. The kinematic
behaviors of the anchors are classified uniformly as three types, i.e., diving, pulling out, and keying.
By utilizing the least-force principle, various anchor properties, such as the ultimate pullout capacity
(UPC), failure mode, movement direction, embedment loss, and kinematic trajectory, can all be
determined by the combination and analysis of the three behaviors. Applications of the model are
demonstrated summarily, by solving the UPC and the failure mode of anchor piles and suction
anchors, the kinematic trajectory of drag anchors in a single soil layer or layered soils, the maximum
embedment loss (MEL) of suction embedded plate anchors (SEPLAs) and OMNI-Max anchors, and
the kinematic behavior of OMNI-Max anchors. Compared to existing theoretical methods, this
unified model shows strong applicability and potentiality in solving a variety of behaviors and
properties of different anchors under complicated seabed conditions.

Keywords: deepwater anchor; gravity installed anchor; drag anchor; OMNI-Max anchor; SEPLA;
suction anchor; analytical model; comprehensive behavior

1. Introduction

With increasing advanced technologies and innovative anchor concepts in deepwater
moorings, behaviors of the anchor are turning more complex during both installation and
mooring, such as 360-degree rotatable loading arm of OMNI-Max anchors (an innovative
type of gravity installed anchors (GIAs)), long-distance trajectory of drag embedment plate
anchors (Figure 1) [1], high strain rate of soil (up to 25 s−1) during the gravity installation
of GIAs, and keying and embedment loss of OMNI-Max anchors and suction embedded
plate anchors (SEPLAs) (Figure 2) [1]. These behaviors challenge the existing analytical
methods for conventional anchors.

Although large deformation finite element (LDFE) analyses are able to effectively solve
complicated anchor behaviors [2], theoretical methods are more efficient, convenient, and
economical. The relevant theoretical achievements for drag anchors generally concentrated
on predicting the trajectories of anchors in the seabed, and can be broadly classified into
three kinds, i.e., the kinematic model [3,4], the plastic limit analysis [5–10] and the limit
equilibrium method [11–17]. Owing to the complexities of problems, theoretical methods
are still developing to precisely predict the comprehensive behaviors and trajectory of
drag anchors.

For SEPLAs and OMNI-Max anchors, the behavior of keying and the embedment
loss are of more concern. Deepwater anchors, typically the SEPLA and the OMNI-Max
anchor, would encounter the phenomenon of embedment loss after initial penetration,
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accompanied with keying, which remarkably reduces the pullout capacity and affects
the subsequent behavior of the anchor. Therefore, the maximum embedment loss (MEL)
becomes a key index for design and engineering practice of these anchors. Existing studies
on the MEL of SEPLAs were performed by field tests [18], centrifuge tests [19–22], plastic
limit analyses [23,24], mechanistic model [25], and LDFE analyses [26–29]. Compared to
SEPLAs, few studies were performed on the MEL of OMNI-Max anchors and were limited
to plastic limit analyses [30–32], the mechanistic model [25], and LDFE analyses [33,34]. It
is evident that theoretical achievements are rare for both SEPLAs and OMNI-Max anchors.
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The present work introduces a unified analytical model that can address comprehen-
sive behaviors of various deepwater anchors, developed at Tianjin University. Different to
most of the existing theoretical methods, this model aims to explore the comprehensive
behaviors (i.e., diving, pulling out, keying, and trajectory) and complicated mechanical
properties (such as ultimate pullout capacity (UPC) and failure mode) of the anchor in
both clay and sand, and directly faces the three-dimensional configuration of the anchor.
This model is regarded as a unified model for different anchors, since it is developed
based on unified concepts, mechanical models, and analytical procedure, in which the
kinematic behaviors of the anchor are categorized uniformly into diving, pulling out, and
keying; various anchor properties can be solved through the combination and analysis of
the three behaviors by utilizing the least-force principle. Complexities of the problems can
be combined into the unified model, such as anchor and seabed conditions, indicating the
potential of the unified model to advance. Various applications demonstrate the capability
and potential of the unified model.

2. The Unified Analytical Model
2.1. Definitions of Anchor Behaviors

For deepwater anchors, under complicated loadings, the anchors have comprehensive
behaviors in the seabed. Here, “comprehensive behaviors” means that under certain
loading conditions, the anchor may key, dive, or pull out. Therefore, comprehensive
behaviors can be usually categorized into three basic types, i.e., keying, diving, and pulling
out. Various behaviors of the anchor, including the whole trajectory, may occur through
the combination of the three basic behaviors. Keying denotes the anchor rotating around
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a rotational center. Diving denotes the anchor moving along the movement direction of
the fluke, and pulling out denotes the anchor moving approximately perpendicular to the
orientation of fluke. Both diving and pulling out can be regarded as translational motion.
For different types of anchors, definitions of the three behaviors are similar but maintain a
few differences.

As illustrated in Figure 3, for plate anchors (such as SEPLAs and drag anchors), the
movement direction of the fluke is defined as the movement direction of the plate, while
for GIAs (such as torpedo anchors and OMNI-Max anchors), it is defined as the movement
direction of the anchor shaft (Figure 4). Therefore, diving is defined as the movement of
the anchor along the movement direction of the plate for plate anchors, and along the
movement direction of the shaft for GIAs; pulling out is defined as the movement direction
of the anchor approximately perpendicular to the plate orientation for plate anchors, and to
the anchor shaft for GIAs. As illustrated in Figure 5, for anchor piles and suction anchors,
the working performance is more concerned and pulling out is defined as the motion
direction of anchor along the failure direction.
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Figure 3. Definition of drag anchor behaviors and mechanical model: (a) Diving; (b) Pulling out; (c) Keying.
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Mechanical model.

2.2. Mechanical Models

According to the force equilibrium in Figures 3–5, under translating (diving and
pulling out), the drag force applied at the shackle can be expressed by

Ta = ∑ Fi (1)
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According to the moment equilibrium in Figures 3–5, under keying, the moment of
the drag force Ta is expressed by

Ma = ∑ Mi (2)

For anchor piles and suction anchors, when the external force is exerted at the optimal
position of the attachment point (OPAP), as shown in Figure 5, only translational motion
exists in the direction of anchor failure. Meanwhile, the pullout capacity of the anchor
reaches maximal. In this case, only Equation (1) is necessary, which can be further expressed
by [35]

Ta =
1

cos(β− θ)
[Fb + Fs + (Vbot + W) sin β + Hbot cos β] (3)

where,
Fb = Ncca Ab +

1
2 γ′DH2

p

[
π
4 (kmax − K0)(1− 2θ

π )
2
+ K0

]
cos β

Fs =
1
2 γ′DH2

p

[
(1 − 2θ/π)2

1 + cos β (kmax − K0) + βK0/ sin β

]
tan δ + 2αcaDHpβ/ sin β

Vbot = (λcbotNc,bot − σ′v)Abot
Hbot = (1− λ)[(cbot + γ′Hp tan ϕ)Aplug + (αcbot + γ′Hp tan δ)Aannu]

(4)

The details of parameters can be found in the nomenclature list.
For drag anchors and GIAs, Equations (1) and (2) can be further expressed under a

specific anchor behavior. Under diving, the drag force Ta can be expressed by

Ta =
1

cos(θa + θm)
[Fb + Fs −W sin(θo + θm)] (5)

Under pulling out, the drag force Ta can be expressed by

Ta =
1

cos
(
θa + θmp

) [Fb + Fs −W sin
(
θo + θmp

)]
(6)

where, for drag anchors,
Fb = C1qAb =

{
NcqAb for clay
K1NqqAb for sand

Fs =

{
C2qAs = αqAs for clay
C2qAsmp + C3qAsnp = K2qAsmp tan δ + KqAsnp tan δ for sand

(7)

For GIAs,
Fb =

{
Ncsu Ab for clay
Kbγ′zNq Ab for sand

Fs =

{
αsu As for clay
Ksγ′zAskr tan δ + Kγ′zAsr tan δ for sand

(8)

And under keying, the drag force Ta can be can be expressed by

Ta =
1

Lc sin θa
(Mb + Ms + MW) (9)

For drag anchors in a single soil layer, the expressions of Mb and Ms can be determined
by the values of Lk and Lb (Figure 3), and written as [16] Mb = −Ak

Lk
2 + Bk

( L f + Lk
2

)
+ Ck

(
Lb cos θs +

Ls
2

)
Ms = DkL f − Ek

Lk
2 + Fk

( L f + Lk
2

)
+ Gk

(
Lb cos θs +

Ls
2

) if Lk ≤ Lb (10)
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 Mb = −Ak
Lk
2 + Bk

( L f + Lk
2

)
− Hk

(
Lk + Lb

2

)
cos θs + Ik

[
Ls + (Lk + Lb) cos θs

2

]
Ms = DkL f − Ek

Lk
2 + Fk

( L f + Lk
2

)
− Jk

(
Lk + Lb

2

)
cos θs + Kk

[
Ls + (Lk + Lb) cos θs

2

] if Lk > Lb (11)

For drag anchors in the layered soils composed of various cohesionless and cohe-
sive layers with different soil strengths, expressions of Mb and Ms will become more
complicated [17]. For brevity, details of this case are not presented herein.

For GIAs,

Mb =

{
nkcsu AbL f for clay
Kbγ′znks AbL f for sand

(12)

The expression of Ms depends on the relative position of the rotational center (Lk) to
the anchor structure and also exhibits various cases [36], which determines the effective
shear forces and the moment arms of shear forces (closing to the rear or tip of the anchor)
demarcated by the rotational center.

The anchor line equation is a necessary supplement to the mechanical models, which
is expressed by [37,38]

− Ta

1 + µ2

[
eµ(θah−θ)(cos θ + µ sin θ)

]θah

θe
=
∫ za

0
Qdz (13)

However, for layered soils, the anchor line equation should be replaced by [39]

TLieµiθLi
(
sin2 θi − sin2 θUi

)
2

=
∫ zi

zUi

Qidz (14)

2.3. The Least-Force Principle

As introduced earlier, the comprehensive behaviors of the anchor are classified into
three basic types. Various behaviors of the anchor, including the whole trajectory, may
occur through the combination of the three basic behaviors. In the present work, the
three basic behaviors of the anchors are determined by adopting the “least-force principle”
proposed by Liu et al. [40]. This principle was successfully utilized to investigate various
behaviors of deepwater anchors in earlier studies [16,35,41,42]. According to the principle,
the actual movement state can be acquired by determining the state that can overcome the
soil resistance by the least drag force. Therefore, the real rotational center, the real failure
angle, the real movement state, and so on, can all be determined by the principle.

2.4. Analytical Procedure

Values of four key parameters, i.e., θm, θmp, β, and Lk, need to be acquired in advance
to investigate the three types of behaviors. According to the least-force principle, the actual
rotational center of the anchor, the actual direction of pulling out, and the actual movement
direction can be derived by utilizing Equations (1) and (2), specifically Equations (3)–(12)
corresponding to different anchors, and analyzing the first derivatives of Ta with θm, θmp, β,
and Lk, respectively. Among the three types of behaviors, the actual movement state of the
anchor can be derived with determination of the values of Ta,min, i.e., the minimum values
of Ta. Table 1 lists the special points, at which the corresponding Ta,min can be acquired.

Table 1. Special points to acquire Ta,min corresponding to various types of behaviors.

Behavior
Special Points

Type 1
(Boundary Points) Type 2 Type 3

Diving θm = δd; θm = −δd dTa/dθm = 0 Non-existence of dTa/dθm

Pulling out θmp = δd − π/2;
θmp = −δd − π/2 dTa/dθmp = 0 Non-existence of dTa/dθmp

Keying Lk = 0; Lk = L f dTa/dLk = 0 Non-existence of dTa/dLk
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The comprehensive behaviors and mechanical properties of different anchors can be
solved following the flowchart (Figure 6).
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3. Applications
3.1. Pullout Capacity and Failure Mode of Anchor Piles/Suction Anchors

This investigation aims to explore the pullout capacity and failure mode of anchor
piles/suction anchors under inclined loading in seabed with both cohesionless and cohesive
soils. By utilizing the present model, the effects of various parameters on the pullout
capacity and failure mode of the anchor can be acquired, including the anchor length-to-
diameter ratio H/D, the interface friction angle δ, the internal friction angle ϕ, the adhesion
factor α, the soil cohesion at the seafloor c0, the submerged soil weight γ′, the gradient of
the soil cohesion with depth k, the coefficient of earth pressure at rest K0, the end bearing
capacity factor Nc, and the reverse end-bearing capacity factor Nc,bot.

The analytical results are examined through several comparative studies, including
the numerical analysis on the pullout capacity of suction anchors in clay presented by
Randolph and House [43], the laboratory tests on the performance of suction anchors in
clay under various loading conditions presented by EI-Sherbiny [44], the model tests on
the behavior of suction anchors with various length-to-diameter ratios in sand presented
by Gao et al. [45], and the centrifuge tests on the pullout capacities of suction piles in sand
under inclined loading conducted by Kim et al. [46], as presented in Figures 7–10, where



J. Mar. Sci. Eng. 2021, 9, 913 8 of 20

RE denotes average relative error. Figure 7 illustrates that the consistency of comparative
studies on the pullout capacity and the failure angle is generally good. Figure 8 shows that
the theoretical model can reasonably predict the pullout capacity and failure angle of the
anchor with the average relative errors of 7.1% and 23.5%, respectively. A generally good
agreement between experimental data and theoretical predictions is also shown in Figure 9,
where the average relative errors are 17% and 12.9% for the cases H/D = 4 and H/D = 6,
respectively. It is shown from Figure 10 that the theoretical model obtains good predictions
of the pullout capacity with a mean relative error of 7.6%.
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Figure 7. Comparative results of the numerical analysis conducted by Randolph and House [35,43]: (a) Pullout capacities in
horizontal and vertical planes; (b) Failure angle.
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Figure 8. Comparative results of model tests conducted by EI-Sherbiny [35,44]: (a) Pullout capacity; (b) Failure angle.
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Figure 10. Comparative study based on centrifuge tests presented by Kim et al. [35,46].

The accuracy of the theoretical predictions is demonstrated by the comparative studies
of the model test or numerical simulation results in both cohesionless and cohesive soils.
The efficiency and veracity of the theoretical model are therefore confirmed in predicting
the pullout capacity and failure mode of anchor piles/suction anchors.

3.2. The Kinematic Behavior of Drag Anchors

This study aims to explore mechanical properties and comprehensive behaviors of
drag anchors in the seabed with cohesionless or cohesive soils. By utilizing the present
model, the effects of various parameters on the behaviors of drag anchor can be clearly
known, such as the coefficient of soil resistance under keying for clay nkc, the coefficient
of soil resistance under keying for sand nks, the end bearing capacity factors Nc and Nq,
the undrained shear strength at the seafloor su0, the adhesion factor α, the submerged soil
weight γ′, the gradient of undrained shear strength with depth k, the interface friction angle
δ, the lateral soil pressure factor K, the frictional coefficient µ, and the effective bearing
width of the embedded anchor line b.

The analytical results are examined with the centrifuge model tests of the anchor
trajectory in clay by O’Neill and Randolph [47], the model tests on behaviors of anchor in
sand by Zhang [48], the model tests and numerical simulation of the pullout capacity of a
plate anchor in uniform clay by Singh and Ramaswamy [49] and Liu et al. [50], and the
centrifuge model tests and numerical simulation of the pullout capacity of plate anchor in
linear clay by Chen et al. [51] and Liu et al. [50], as presented in Figures 11–14. As shown in
Figure 11, the predicted results with α = 0.3 show good consistency with the experimental
data. The average relative errors of the predicted results to measured values are 5.6% and
6.1% for the shank angles of 32◦ and 50◦, respectively. Although the average relative error
of 6.9% for the shank angle of 50◦ with α = 0.5 is higher, the predicted results show good
consistency with the simulation results of O’Neill and Randolph [47]. A good consistency
between test results and analytical predictions is shown in Figure 12. The average relative
errors of the predicted results to experimental data of embedment depth for the rectangular
anchors (θs = 29.5◦ and 33.3◦) and the wedge-shaped anchors (θs = 27.8◦ and 32.2◦) are
10.9%, 6.1%, 8.4%, and 6.9%, respectively. As indicated in Figure 13, the results of the
capacity factor obtained from the analytical model share good consistency with those from
numerical and experimental results. The average relative errors of the capacity factor
from theoretical results and simulation results are 9.1% and 10.5%, respectively. Figure 14
shows a good consistency between experimental data and analytical results. The average
relative errors of the capacity factor from numerical results and analytical results are 4.4%
and 6.1%, respectively.

These comparative results validate the accuracy and efficiency of the present model
in analyzing the kinematic behavior of drag anchors in the seabed with cohesionless or
cohesive soils.
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Figure 11. Comparative results of centrifuge tests conducted by O’Neill and Randolph [16,47]: (a) θs = 32◦; (b) θs = 50◦.
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Figure 12. Comparative results of model tests conducted by Zhang [16,48]: (a) θs = 29.5◦ (rectangular anchor); (b)
θs = 33.3◦ (rectangular anchor); (c) θs = 27.8◦ (wedge-shaped anchor); (d) θs = 32.2◦ (wedge-shaped anchor).
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3.3. The Kinematic Behavior of Drag Anchors in Layered Soils

Compared with the behavior of drag anchors in a single soil layer, it is much more
complicated to analyze the anchor behavior in layered soils. Most of the earlier investiga-
tions concentrated on the behavior of anchors in a single soil layer, while in layered soils,
the knowledge of the anchor behavior is severely inadequate, especially for the seabed
with both cohesionless and cohesive layers. The present work intends to further investigate
the behavior of an anchor under layered soils condition through utilizing the analytical
model. Various cohesionless and cohesive layers with different soil strengths constitute the
layered soils. The coupled effect of anchor-line in layered soils is also considered when the
behavior of the anchor is analyzed. By completely expressing the complex soil resistance to
the anchor in layered soils and at the adjacent interface of soils, the theoretical model can
predict the behavior of the anchor in three-layered soils, which have covered common cases
of layered soils for drag anchor installation. The accuracy and efficiency of the developed
analytical model for layered soils are confirmed by comparative studies.

In layered soils, the variety and complexity of the anchor behavior are demonstrated in
the designed analytical cases, as presented in Figures 15 and 16. The present investigation
derives general knowledge, i.e., when the anchor is dragged under external force in the
layered soils of both clay-sand-clay and sand-clay-sand, it may completely penetrate
through the layers, or fail to penetrate the whole soil layers but move along the interface of
adjacent layers. Generally, when traveling from stiffer soil to softer soil, the anchor tends
to penetrate through the interface; while when traveling from softer soil to stiffer soil, the
anchor will probably move along the interface rather than penetrate through the interface;
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from softer soil to stiffer soil, the anchor may penetrate through the interface when the
difference of soil resistance to the anchor in adjacent layers is small enough.

A sensible analysis is anticipated to acquire quantitative results such as the trajectory
of an anchor for a specific problem in layered soils. The present analytical model provides
a powerful tool to easily analyze the kinematic behavior of drag anchors in layered soils.
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3.4. The Maximum Embedment Loss of SEPLAs and OMNI-Max Anchors

This study aims is to develop a unified explicit formula for calculating the maximum
embedment loss (MEL) of SEPLAs and OMNI-Max anchors in clay, which takes into ac-
count all necessary influential parameters including the anchor geometry, the interactional
property, the soil condition, the anchor line property, and the applied loading, to provide a
fast and simple method of assessing the MEL of deepwater anchors in clay.
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When a SEPLA just reaches the MEL, the anchor satisfies two conditions: (1) the
anchor is in the critical state that changes from keying to pulling out; and (2) the applied
loading at the shackle is approximately perpendicular to the plate [18,20,21], as illustrated
in Figure 17. When an OMNI-Max anchor just reaches the MEL, it meets two conditions:
(1) the anchor stays in a critical state from keying to translating, in a synthetical movement
direction of diving and pulling out [31,33]; and (2) the applied loading at the anchor shackle
is almost perpendicular to the anchor shaft [52], as illustrated in Figure 18.
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Figure 17. Installation, keying, and embedment loss of a SEPLA.
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Based on the knowledge above and corresponding mechanical models, the implicit
set of equations of zc (depth of anchor centroid) can be obtained

− Ta
1 + µ2

[
eµ(θah−θ)(cos θ + µ sin θ)

]∣∣∣θah
θe

=
∫ za

0 C f sudz

θah = cos−1[ξ(su0 + kzc)]

Ta = (su0 + kzc)ηF + W
√

1− ξ2(su0 + kzc)
2

for SEPLAs (15)


− Ta

1 + µ2

[
eµ(θah−θ)(cos θ + µ sin θ)

]∣∣∣θah
θe

=
∫ za

0 C f sudz

θah = θmh + cos−1(ζW sin θmh)

Ta = (su0 + kzc)ηF + W sin θmh
cos(θah − θmh)

for OMNI-Max anchors (16)

The key to solve the MEL of anchors, zMEL, is to acquire the value of zc, which could
be obtained from the implicit sets of equations of zc, i.e., Equations (15) and (16). However,
the value of zc cannot be directly solved through Equations (15) and (16). By performing
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parametric studies and nonlinear regressive analyses, a unified nondimensional MEL for
both SEPLAs and OMNI-Max anchors, zMEL/B, can be expressed by [25]

zMEL
B

= c1
su0

γ′B
+ c2

( C f

µc3 B

)c4( k
γ′a

)c5
(

t
B

)c6( ep

B

)c7
Nc8

c αc9 ec10(en/B)(ec11 sin θe + c12) (17)

where c1–c12 are coefficients derived from the best-fitting analyses based on the results of
the analytical model, whose values are different for SEPLAs and OMNI-Max anchors, as
listed in Table 2.

Table 2. Coefficients in Equation (17).

Anchor c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12

SEPLA 0.07 4.18 × 10−4 0.26 1.06 1.49 −0.87 0 1.84 0.52 −1.59 8.99 2.06 × 103

OMNI-Max
anchor 0.16 1.32 × 10−3 0.19 0.40 0.30 −1.23 −1.49 0.82 0.32 −9.08 3.73 0.82

To examine the unified explicit formula, i.e., Equation (17), all data available from
publications are collected to perform comparative studies, including the centrifuge model
tests by Gaudin et al. [20], O’Loughlin et al. [21], and Gaudin et al. [22] for SEPLAs; and
the plastic limit analyses by Liu et al. [31]; the LDFE analyses by Zhao and Liu [33]; and
the model tests by Liu et al. [53] for OMNI-Max anchors. Meanwhile, the analytical predic-
tions are compared with the predictions from other methods [27,28,33]. The comparative
studies confirm the veracity and reliability of the unified explicit formula for both SEPLAs
and OMNI-Max anchors. Compared to existing methods, the explicit formula performs
superiorly in easiness, efficiency, and applicability [25].

3.5. The Kinematic Behavior of OMNI-Max Anchors

This study aims to explore comprehensive behaviors of OMNI-Max anchors in the
seabed with either sandy or clayey soil. By utilizing the present model, the effects of
various parameters on the behaviors of anchor can be clearly known, including Htip, b, θe,
k, α, nks, nkc, Nq, Nc, δ, and K.

The parametric studies indicate that the parameters Htip, θe, b, α, nkc, and Nc have a
major influence on the trajectory of anchor in clay, while the parameters Htip, θe, b, K, nks,
and Nq have a major influence on the trajectory of anchor in sand. The MEL increases with
increasing values of Nc, b, and θe in clay, and with the increase of θe, b, and Nq in sand.
The penetration depth increases with the increases of Htip, α, and nkc in clay, and with the
increases of Htip, δ, K, and nks in sand.

The embedment loss usually happens at the initial stage of the anchor trajectory, then
the anchor may dive further or be pulled out gradually, meaning failure of the anchor
in the latter case. The failure induced by the embedment loss of the anchor is explored
through investigating different influential parameters, as presented in Figures 19 and 20.
If the conditions, Htip ≤ 11.90 m, θe ≥ 40◦, k ≥ 1.6 kPa/m, and b ≥ 0.2 m are satisfied
simultaneously, the anchor most easily fails in clay after the embedment loss. If the
conditions, Htip ≤ 11.90 m, θe ≥ 40◦, K ≤ 0.8, and b ≥ 0.2 m are satisfied simultaneously,
the anchor most easily fail in sand after the embedment loss [36]. However, systematic
studies are expected next on the problem of embedment loss-induced anchor failure.
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Figure 19. Influence of parameters on the trajectory of OMNI-Max anchor in clay: (a) Effect of Htip; (b) Effect of θe; (c) Effect
of b; (d) Effect of k.
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4. Conclusions

This paper draws an outline of a unified analytical model that is capable of addressing
comprehensive behaviors of various deepwater anchors, which was developed and is still
developing at Tianjin University. Features of the unified model can be summarized as:

(1) Different to existing theoretical methods, the present model is a unified analytical
model that can explore complicated mechanical properties (such as failure mode,
UPC, and bearing capacity) and comprehensive behaviors (such as diving, pulling
out, keying, and trajectory) of the anchor in both clay and sand, and directly faces the
three-dimensional configuration of the anchor.

(2) This model can effectively analyze the challenging problems with complexities and
varieties of deepwater anchors, proving the capability and potentiality of the unified
model, as demonstrated by five application cases.

(3) This model can easily be advanced further. By correctly reflecting the mechanism and
precisely describing soil resistance to the anchor, the unified model is expected to play
an irreplaceable role in exploring complex unsolved and even emerging problems of
deepwater anchors.

Author Contributions: Data analyses: H.L., Y.Y., J.P.—Writing—original draft: H.L.—Writing—
review & editing: Y.Y.—Supervision: H.L. All authors have read the manuscript and agreed to
the submission.
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Institutional Review Board Statement: Not applicable.
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corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Aannu anchor annulus area
Ab total projected area of the anchor on to the plane perpendicular to the translating

direction, i.e., effective end bearing area of the anchor (Ab = DHp cos β, for anchor piles/
suction anchors only)

Abot anchor bottom area
Ak − Kk rotational coefficients reflecting the soil and anchor properties
Aplug bottom area of the soil plug inside the anchor
As effective shear area of the anchor in the translating direction
Askr effective shear area of the GIA, except the coplanar area with the lateral side of the shank
Asmp effective shear area of the anchor projected to the primary plane of the fluke
Asnp effective shear area of the anchor projected to the plane perpendicular to the primary

plane in the translating direction
Asr effective shear area of the GIA, excluding Askr
b effective bearing width of the embedded anchor line
B plate width of the SEPLA or length of the OMNI-Max anchor
B f fluke width
ca = c0 + kHp/2, average cohesion of soil at the mid-depth of the anchor
cbot = c0 + kHp, cohesion of soil at the bottom of the anchor
C f = Ncl End
c0 cohesion of soil at the seafloor
c1–c12 coefficients in Equation (17)
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D anchor diameter
d diameter of the anchor line
en padeye eccentricity (normal to the shaft)
ep padeye offset of the anchor (parallel to the shaft)
En multiplier of effective width in the normal direction to the anchor line
Fb total end bearing in the translating direction of anchor
Fs total shear resistance in the translating direction of anchor
H height of anchor piles/suction anchors
Hbot horizontal shear resistance acting on the anchor bottom
Hor horizontal component of UPC
Hp anchor penetration depth
Htip initial penetration depth of the tip of a GIA
k gradient of undrained shear strength or the soil cohesion with depth
kmax coefficient of the maximum bearing stress
K lateral soil pressure factor
Kb = 0.295K + 0.705
Ks = 0.705K + 0.295
K0 coefficient of earth pressure at rest
K1 = (17K + 3)/20
K2 = (3K + 17)/20
L lower boundary of the anchor line
Lb distance from the fluke-shank connection point to the rear of the fluke
Lc distance from the intersection between the drag force and the fluke to the rear

of the fluke
L f length of the fluke
Lk distance from the rotational center to the rear of the fluke
Ls length of the shank
Ma moment of drag force
Mb total end bearing moment
Ms total shear moment
MW total gravity moment
nkc soil resistance coefficient under keying for clay
nks soil resistance coefficient under keying for sand
N capacity factor
Nc, Nq end-bearing capacity factors
Nc,bot reverse end-bearing capacity factor
Ncl end bearing capacity factor for the anchor line
q undrained shear strength for clay, or soil pressure for sand
Q soil resistance
Qi soil resistance in the i-th layer
su undrained shear strength of clay
su0 undrained shear strength at the seafloor
t plate thickness of SEPLAs or fin width of OMNI-Max anchors
t1, t2 thicknesses of the first and the second layers of soils
Ta drag force, or mooring tension applied at the shackle of the anchor
Ta,min minimum value of Ta
TLi line tension corresponding to L in the i-th layer of soils
Tm tangential component of Ta to the direction of failure
Tn normal component of Ta to the direction of failure
U upper boundary of the anchor line
Vbot vertical resistance acting on the anchor bottom
Ver vertical component of UPC
W submerged anchor weight, or total submerged weight of the anchor and

the soil plug inside the anchor (for anchor piles and suction anchors)
Ws submerged shank weight
xa horizontal displacement of the shackle
xtip horizontal displacement of the fluke tip
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z soil depth
za depth of shackle
zc anchor centriod depth
zi soil depth in the i-th layer
zMEL distance between the embedment depth at the MEL and the initial

embedment depth
ztip fluke tip depth
zUi anchor line depth corresponding to U in the i-th layer of soils
α adhesion factor
β failure direction, or failure angle to the horizontal of the anchor
δ interface friction angle
δd deviation angle to the fluke top surface
ϕ internal friction angle
γ′ submerged soil weight
γ′a submerged anchor weight
ξ = 2Lc(ηF − ηM)/(WsLs)

ζ = [MW /(Lc sin θa)− (su0 + kzc)(ηF − ηM)]−1

λ inclination factor
µ frictional coefficient
µi frictional coefficient in the i-th layer of soils
θ drag angle, mooring angle, or tension angle to the horizontal at the

shackle of the anchor
θa drag angle to the top surface of the fluke at the shackle
θah drag angle to the horizontal at the shackle
θe loading angle of the anchor line to the horizontal at the seafloor
θi tension angle of the anchor line to the horizontal at the shackle of the anchor

in the i-th layer
θLi tension angle of the anchor line corresponding to L in the i-th layer of soils
θm movement direction or angle of the anchor to the top surface of the fluke
θmh movement direction or angle of the anchor to the horizontal
θmp direction of pulling out or failure angle of the anchor to the top surface of

the fluke
θo orientation of the top surface of the fluke to the horizontal
θs shank angle to the top surface of the fluke
θUi tension angle of the anchor line corresponding to U in the i-th layer of soils
σ′v = γ′Hp, effective stress at the anchor bottom
ηF = (Fb + Fs)/su in Equation (15); = (Fb + Fs)/su cos(θah − θmh) in Equation (16)
ηM = (Mb + Ms)/suLc in Equation (15);= (Mb + Ms)/suLc sin θa in Equation (16)
∑ Fi total forces in the direction of translating, including soil resistance and

anchor weight
∑ Mi total moments of forces in the direction of translating
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