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Summary 

As a widely used taut-wire mooring system for deepwater platforms, the Vertically 

Loaded Anchor (VLA) has better performance in bearing capacity, angle adaptability, and 

deepwater installation than other systems. However, the installation process of the VLA and 

its motion characteristics are significantly impacted by multi-layered seabed soil. In this 

paper, the coupled Eulerian‒Lagrangian (CEL) large deformation finite element analysis 

method has been applied to analyse the continuous penetration of a VLA in nonuniform clay 

with an interbedded stiff layer. A detailed parametric study has been carried out to explore the 

trajectory, drag angle, movement direction and drag force of the VLA in layered clay with 

different embedded depths, thicknesses and undrained shear strength of the stiff layer. The 

CEL numerical analysis results have been validated by comparison with the analytical 

solutions from the inverse catenary equation. Excellent agreement has been obtained between 

the results from the CEL analyses and the analytical solutions. The stiff layer leads to concave 

and convex shapes on the trend lines of the movement direction angle and drag forces, 

respectively. The embedded depth of the stiff layer determines where the concave and convex 

shapes appear on the trend lines, while the thickness affects the sizes of the openings of the 

shapes. The most decisive parameter, an abrupt variation in the undrained shear strength, 

causes predominant rotation at the interface of layered clay. It diminishes the final 

embedment depth and ultimate stable drag force, meaning that the bearing capacity of the 

VLA severely declined in layered clay. 

Key words: vertically loaded anchor; coupled Eulerian‒Lagrangian method; layered 

clay; motion characteristic 

1. Introduction 

With the exploitation of marine resources gradually advancing to deep waters, 

traditional anchor foundations cannot meet the requirements of deepwater mooring system 

designs, and vertically loaded anchors (VLAs) have been developed [1, 2]. Not only does the 
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VLA have superior performance in terms of low cost and simple construction, but it also has a 

flexible anchor shank that enables the anchor fluke to be in a normal loading state under ideal 

working conditions. Therefore, the pullout capacity can reach more than 100 times its weight 

to meet the design requirement [3]. Since the drag embedding process determines the ultimate 

embedding depth, movement direction of the VLA and ultimate bearing capacity of the upper 

platform, the drag embedding process must be accurately simulated [4, 5, 6, 7]. 

The installation process of a VLA by an anchor-handling vessel (AHV) is shown in Fig. 

1. After the AHV is positioned, the mooring line and anchor are first slowly lowered into the 

water, with the stern tail lying flat on the seabed to regulate the orientation of the anchors and 

ensure that the initial drag angle is zero. Then, the mooring line is released to allow the VLA 

to drop to the seabed. When the mooring line is long enough, the tension rises, and the VLA 

is steadily drag-embedded in the seabed by the towing action of the AHV. The shank of the 

VLA is no longer operative when the drag force of the mooring line reaches the installation 

load, which allows the VLA to transition from the installed state to the normal stressed 

working state. 

   

Fig. 1.  The installation process of the VLA employing an anchor-handling vessel 

Currently, the principal methods for predicting the drag trajectory of anchors are the 

model test method, analytical method and numerical simulation. Vryhof and Bruce have 

carried out numerous on-site tests and laboratory model tests [8]. However, on-site tests are 

neither universally applicable to all geological conditions nor do they completely reveal the 

soil flow mechanisms during drag installation. Additionally, these model tests conducted on 

1g conditions [9, 10, 11, 12, 13, 14, 15, 16] cannot maintain stress similar to that on-site 

circumstances. Although the geotechnical centrifuge test [17] can compensate for the 

shortcomings of model tests, it is costly. Two more commonly used analytical methods, the 

limit equilibrium method [18, 19, 20, 21, 22] and the plastic upper bound method [23, 24, 25], 

are efficient to derive and apply, but usually include assumptions of small deformation and no 

self-weight of mooring systems that make the analytical results significantly different from 

reality. The installation process of a VLA always involves large deformations of the soil, 

which requires the large deformation finite element (LDFE) method to address mesh 

distortion and contact problems. Remeshing and interpolation techniques with the small strain 

(RITSS) method [26, 27, 28] and the coupled Eulerian‒Lagrangian (CEL) method [29, 30, 

31] are two effective ways to analyse large deformation problems in marine geotechnics. 

However, the RITSS method is based on many internal codes, which makes it hard to extend 

to the simulation of the VLA. More recently, the CEL method was used to simulate the drag 

embedment procedure of a mooring foundation and its interaction with the seabed soil, and 

the results validated and demonstrated the reliability of these numerical simulation methods to 

investigate the motion characteristics of VLAs [32, 33]. 

According to geological surveys, layered soils are widely distributed in offshore areas 

around the world, such as Southeast Asia, India, the Arabian Gulf, and the Gulf of Mexico 

[34, 35]. The presence of a stiff layer in soft clay complicates the installation process of 

offshore foundations and is detrimental to the stability of a foundation in service status [36]. 
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To explore the tension transmitting and profile properties of anchor lines embedded in layered 

soils, Liu et al. [37] proposed a mechanical model and analytical procedures based on the 

inverse catenary equation. Peng et al. [29, 38] developed an analytical method to model the 

behaviour of drag anchors in sand, clay and multi-layered soils. Adopting a model test, Lai et 

al. [39] revealed the drag embedment behaviours of drag anchors in layered clay with a stiff 

layer interbedded in soft clay, and the results showed that the stiff layer significantly 

increased the difficulty of drag embedment. 

In general, the mentioned studies on the drag trajectories of mooring foundations in 

homogeneous and layered soils were mainly focused on model tests and analytical methods, 

whereas LDFE analysis methods were quite limited, especially for the trajectory of VLA in 

nonuniform clay with an interbedded stiff layer. This present work adopts the CEL method in 

ABAQUS/Explicit [40] to develop an anchor-chain-soil interaction model. The motion 

characteristics of the VLA during drag embedment in nonuniform clay with an interbedded 

stiff layer are investigated, which considers the effects of the stiff layer depth, thickness and 

strength on the trajectory, drag angle, movement direction and drag force. The numerical 

model will hopefully facilitate the analysis of the drag trajectory of VLAs and provide 

scientific foundations for the installation of VLAs in practice. 

2. Numerical analysis 

2.1 Anchor chain and VLA model 

To simulate the axial tension of the anchor chain of a taut-wire mooring system, the 

anchor chain was discretized into a series of rigid cylinders, as shown in Fig. 2. Abaqus/Link 

connections ensured that the anchor chain model transmitted only axial force and no bending 

moments and maintained a constant length. In addition, to achieve a sufficient discrete degree 

of the anchor chain, an 18 m long anchor chain was discretized into 30 segments of rigid 

cylinders with a diameter ds=0.1 m, a length ls=5.0ds and a length of link connections 

ss=1.0ds. The specific parameters are shown in Fig. 2. 

 

Fig. 2.  Anchor chain numerical model 

A simplified VLA model was established with the design parameters provided by Vrhof 

to achieve efficient computing. The fluke was replaced by a rectangular plate with an 

equivalent length of la=2.236 m, a width of Ba=1.118 m and a thickness of ta=0.17 m, as 

shown in Fig. 3. The shackle was simplified to a mass point due to its relatively small size. 

The shanks were converted into a series of link connections to transmit the axial force with 

the projection length in the horizontal direction of E0=3 m. In addition, to simulate the initial 

state of the drag embedment, the procedure of sinking the VLA to the seabed was omitted, 

and the fluke was directly positioned on the seabed surface at an initial angle of θs=45°. 
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Fig. 3.  VLA numerical model 

2.2 Seabed soil model 

Since the coupled Eulerian‒Lagrangian (CEL) analysis in ABAQUS/Explicit was for 

3D elements only, half of the soil domain was involved in the analysis accounting for the 

inherent symmetry, as shown in Fig. 4. To accommodate the chain length, the soil domain 

was divided into two areas with widths of Ws1=3.0 m and Ws2=0.85 m, lengths of Ls1=47.0 m 

and Ls2=38.0 m and depth of Hs=13.0 m, which was shown to be sufficiently large to avoid 

boundary effects. A 2.0 meter-thick layer of void elements was defined above the soil surface 

to accommodate potential soil heave during the drag embedment of the VLA. The soil was 

modelled as a linear elastic-perfectly plastic material obeying a Tresca yield criterion with an 

effective unit weight γ'=6.8 kN/m3 and a uniform stiffness ratio E/su=500. Considering the 

relatively fast embedment of VLAs in the field, all the analyses simulated undrained 

conditions and adopted Poisson’s ratio ν=0.49. 

 

Fig. 4.  Seabed soil model dimensions 

2.3 Anchor chain-seabed soil model 

The anchor-chain-soil interaction model was performed using the CEL approach in 

ABAQUS/Explicit. Fig. 5 depicts the initial arrangement of the model, in which the fluke was 

positioned on the seabed surface at an initial angle of 45° and the anchor chain was 

straightened horizontally. A constant loading velocity was applied at the end of the anchor 

chain to ensure computational efficiency while reducing oscillations in the results, and the 

fluke rotated and penetrated under the combined action of gravity and drag force until the 

drag was completed.  

 

Fig. 5.  The anchor-chain-soil model and typical mesh used in CEL analysis 
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Since the magnitude of this loading velocity impacts the installation process of VLA, 

the drag trajectories are measured for three scenarios of velocity 1.0 m/s, 0.5 m/s, and 0.25 

m/s, respectively. Fig. 6 presents the trajectories of various velocity differ conspicuously at 

the early drag stage, but the final penetration depth converges with the increase of horizontal 

drag distance. When the drag velocity is below 0.5, reducing it further has less than a 3% 

impact on outcomes, thus verifying the convergence of the drag velocity.  

Additionally, the fluke and the chain were modeled as rigid Lagrangian bodies, while 

the soil domains were set to Eulerian elements. Interactions between the Eulerian soil domain 

and the rigid Lagrangian bodies were considered by a penalty contact algorithm with hard 

contact in normal and a tangential friction coefficient of μ=0.1. The continuous elements of 

C3D8R and the Eulerian brick elements of EC3D8R were used to discretize the rigid bodies 

and the soil domains, respectively, in which the graded mesh was used with fine mesh in the 

vicinity of the VLA movement area of the soil domain and coarse mesh in the outer position, 

and the mesh sizes of the fluke and anchor chain were set according to their geometric 

features, as shown in Fig. 5. To establish boundary conditions, soil flows normal to the 

vertical faces and the base of the soil domain was set to zero, and no flow of material was 

permissible in and out of the exterior vertical surface. 

The sensitivity analysis of mesh size has been conducted along the three mesh division 

schemes depicted in Table 1 by encrypting the mesh area below the fluke. The trajectory 

performances given in Fig. 7 illustrate that when the total number of soil meshes was 630,000 

with a global size of ls/4, increasing the number of mesh further has less than a 1% effect on 

penetration depth, indicating mesh convergence. A massive number of meshes also led to a 

long computation time for the numerical model. The computational time for a working 

condition was approximately 97200 s (equal to 27 hours) on a computer with an AMD 

processor of 64 cores and 256 G of random access memory. 

     

Fig.6 The trajectories of various velocity of VLA             Fig.7 Mesh convergence of the numerical model 

Table 1 Meshing for the numerical model 

(a) Soil mesh division 

Mesh density in the vertical direction of VLA movement 
Global mesh 

Mesh 

number case Below chain and shank Below fluke Outside fluke 

Mesh-1 ds/4 ds/4 ~ la/15 Ba/10 ls/4 840,000 

Mesh-2 ds/4 ds/4 ~ la/10 Ba/10 ls/4 630,000 

Mesh-3 ds/4 ds/4 ~ la/8 Ba/10 ls/4 470,000 

(b) Fluke mesh division                                                                       (c) Anchor chain mesh division 

Length 

direction 

Width 

direction 

Thickness 

direction 

Mesh 

number 

 Length 

direction 

Width 

direction 

Mesh 

number 

la/20 Ba/10 ta/2 190  ls/5 ds/2 360 
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2.4 Validation of the numerical model 

In previous studies, many scholars used the inverse catenary state equation to solve for 

the drag force of the anchor chain [18, 21, 41, 42]. A schematic diagram of the forces acting 

on the embedded chain element is shown in Fig. 8. The differential equations governing the 

embedded section of the chain are: 

sin
dT

F w
ds

= +                                                                                                     (1) 

cos
d

T Q w
ds


= − +                                                                                                (2) 

where T is the tension in the chain; θ is the angle subtended by the chain to the horizontal; s is 

the distance measured along the chain; w is the buoyant weight of the chain per unit length; Q 

is the soil resistance normal to the chain; and F is the soil resistance tangential to the chain. 

 

Fig. 8  Forces acting on the embedded chain element 

The soil resistance can be further expressed in terms of the average normal pressure, q, 

and friction, f, multiplied by an effective width, as follows: 

( )n s n s c uQ E d q E d N s=  =                                                                                        (3) 

( )t s t s uF E d f E d s=  =                                                                                             (4) 

where En and Et are multipliers to give the effective widths in the normal and tangential 

directions, respectively; Nc is the bearing capacity factor of the mooring line; and su is the 

undrained shear strength of the clay. 

The friction force per unit length can be expressed as: 

F Q=                                                                                                                    (5) 

where μ is the frictional coefficient that lies in the range from 0.1 to 0.6 [16, 19]. 

Eq. (1) and Eq. (2) are combined, substituting Eq. (5), to give: 

(sin cos )
dT d

T w
ds ds


   + = +                                                                            (6) 

Ignoring the chain weight, Eq. (6) can be integrated to give the drag force profile as: 

( )a

aT T e
  −

=                                                                                                            (7) 

where Ta is the chain tension at the attachment point and θa is the attachment angle. 

Substituting Eq. (7) into Eq. (2) and integrating this equation can lead to: 

( ) ( )2
cos sin

1

a a
a

z
a

c n s u
z

T
e N E d s dz


  


  



− + =
 +                                                (8) 
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where za is the depth of the attachment point; z is the drag anchor embedded depth; and za and 

θa are calculated by the finite element analysis. 

In Eq. (8), the bearing capacity factor Nc can be calculated by Eq. (9-10) [43]: 

( )2 2

p

cs cd

deep

w
N N

w

 
= + −   

 
                                                                                   (9) 

0.31

0.61
'

u

s

s
p

d

−

 
=  

 
                                                                                              (10) 

where Ncs is the shallow bearing factor; Ncd is the deep bearing factor, taken as 9.8 in this 

paper; w is the embedment depth; and wdeep is the transition depth, adopted to be 3.5 m in this 

study. 

The drag trajectory and drag force comparison between the CEL numerical simulation 

and the analytical solutions derived from the inverse catenary equation in uniform clay with 

constant undrained shear strength su=7.0 kPa are shown in Fig. 9. With the parameters of the 

bearing capacity factors Ncl and Ncf for the anchor chain and fluke varying in the ranges (7.6, 

14) and (7.6, 11.8), respectively, the upper and lower bounds of the trajectory predicted by 

Liu et al. [40] are presented in Fig. 9 (a). This demonstrates that the drag trajectory calculated 

by the present study was between the upper and lower bounds of the analytical solution of Liu 

et al. [44], which illustrates the feasibility of the numerical model to predict the drag 

trajectory. Fig. 9 (b) reveals that the drag force obtained by the inverse catenary equation first 

decreases and then increases in the early stage of the drag embedment process, which differed 

from the realistic where the drag force started from zero and gradually increases to the 

ultimate value. The numerical results were deemed to be more appropriate. It is the 

assumptions of the inverse catenary equation that ignore the weight of the anchor and set the 

catenary angle at the seabed surface to be zero that led to discrepancies between the numerical 

and analytical results in the horizontal drag distance of less than 10 m. However, as the VLA 

embedded more deeply, the numerical result successfully captured the drag force observed in 

the inverse catenary equation, which thus verified the accuracy of the numerical analysis. 

     
(a) drag trajectory of the VLA                                                   (b) drag force of the VLA 

Fig. 9.  Validation and comparison of results from the CEL numerical simulation and analytical solutions 
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3. Numerical analysis 

3.1 Summary of numerical analyses 

The motion characteristics of the VLA are significantly affected by the multi-layered 

seabed soil. A typical undrained shear strength distribution of nonuniform clay with an 

interbedded stiff layer is shown in Fig. 10, where the intermediate layer of clay with 

nonuniform undrained shear strength su2=sut2+kz is interbedded in the clay of nonuniform 

undrained shear strength su=sum+kz with undrained shear strength at the second-third layer 

interface sut3=sum+kz, and infinite depth; d is the embedded depth of the stiff layer of clay; t is 

the thickness of the stiff layer, sum is the undrained shear strength at the first layer surface; sub1 

is the undrained shear strength at the base of the first layered clay, ditto for sub2; sut2 is the 

undrained shear strength of the stiff layer at the first-second layer interface, ditto for sut3. 

 

Fig. 10  The undrained shear strength of nonuniform clay with an interbedded stiff layer 

The selected parameters for this study are assembled in Table 2 considering the offshore 

geotechnical properties and dimensions of the anchors. Uniform clay with constant undrained 

shear strength su=5 kPa was adopted as a control group (Group Ⅰ, Table 2). For nonuniform 

clay with an interbedded stiff layer, the undrained shear strength at the seabed surface was 

selected as sum=5 kPa with the strength gradient k=1.4 kPa/m, so that the inhomogeneity 

factor was taken as kds/sum= 0.028. The embedded depths and thicknesses of the stiff layer 

relative to the anchor chain diameter were taken as d/ds =10, 22.36, 30 and t/ds =10, 22.36, 30 

(Groups Ⅱ and Ⅲ, Table 2), and the differences in undrained shear strength at the first-second 

layer interface were taken as sut2 - sub1=10 to 20 kPa (Group Ⅳ, Table 2) to investigate their 

effect on the motion behaviours of the VLA. 

Table 2 Classification of layered soil working conditions 

Analysis kds/sum t/ds d/ds sut2-sub1 (kPa) Remarks 

Group Ⅰ 0 — — — 
Uniform clay as a control 

group 

Group Ⅱ 0.028 10, 22.36 and 30 10 10 

Exploration of the effect 

of the thickness of the 

stiff layer 

Group Ⅲ 0.028 10 10, 22.36 and 30 10 

Exploration of the effect 

of the embedment depth 

of the stiff layer 

Group Ⅳ 0.028 10 10 10 and 20 

Exploration of the effect 

of the undrained shear 

strength at the first-

second layer interface 
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3.2 Drag embedment process of the VLA in nonuniform clay with an interbedded stiff layer 

The drag embedment behaviours of the VLA can be described as penetration along the 

movement direction of the fluke θm and rotation around a rotational centre Rc; for the latter, it 

does not always coincide with the barycentre of the fluke (Bc). During the initial embedment 

stage, the VLA flips violently to adjust its angle and then penetrates into the upper layer. Fig. 

11 depicts the distribution of the forces acting on the fluke during the stable embedding phase, 

which can be divided into two categories. One category is the forces vertical to the fluke, 

including the drag force T; the component of the fluke weight cosθs∙Wf; soil pressure acting on 

the fluke Fp; and the bonding force behind the fluke caused by the clay cohesion Fc and 

friction resistance of the fluke sidewall Ffs. The other is the forces parallel to the fluke, 

including the end bearing resistance of the fluke Fb, the shear force of the fluke surface Fs and 

the component of the fluke weight sinθsWf. 

 

Fig. 11.  Mechanical model of a VLA ((a) distribution of the forces, (b) angle schematic, (c) bending moment 

Fig. 12 shows the Mises stress nephograms of the VLA embedded in nonuniform clay 

with an interbedded stiff layer, which was exported from the post-processing of ABAQUS 

visualization. When the fluke reached the interface of the soft-stiff layer (Fig. 12 (a)), the 

undrained shear strength su exhibited an abrupt increment so that the friction resistance Ffs and 

shear force Fs present on the upper part of the fluke were greater than those on the lower part. 

The total clockwise bending moments acting on the rotational centre Rc were greater than the 

counterclockwise bending moments. The combination of the two effects caused a 

predominantly clockwise rotation at the soil interface of the soft-stiff layer. During the period 

when the VLA was embedded in the stiff layer (Fig. 12 (b)), its movement was dominated by 

penetration, while the penetrating velocity gradually decreased due to the higher soil 

resistance. When the fluke penetrated through the stiff layer and entered the soft layer (Fig. 12 

(c)), the angle of the fluke to the horizontal θs further decreased owing to counterclockwise 

rotation at the interface of the stiff-soft layer. The installation process was completed when 

the drag angle θa approached the design angle of the shackle and the drag force 

simultaneously reached the installation load. 

In general, the motion of the VLA in the homogeneous soil layer was dominated by 

penetration and rotation at the soil interface. The rotation direction of the fluke was 

determined by the relative magnitude of the undrained shear strength above and below the soil 

interface. The deposit of the stiff layer affected the movement direction of the fluke, which 

resulted in several angle adjustments to reach the design angle during installation, which 

would complicate the installation process of the VLA. 
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Fig. 12 The Mises stress nephograms of the VLA embedded in layered clay 

4. Parametric study 

4.1 Drag trajectory 

The drag trajectory of the VLA could be displayed by schematic diagrams with 

horizontal drag distance on the horizontal axis and embedded depth on the vertical axis. Fig. 

13 (a) suggests that the velocity of the VLA would decrease when it penetrated into the stiff 

layer. This was because the drag trajectories almost coincided at shallow penetration depths, 

but as the VLA penetrated into the stiff layer, the penetration depth became significantly 

shallower with the same horizontal drag distance. It also shows that the final embedded 

depths of VLA in the layered clay were relatively shallow compared to the circumstances in 

uniform clay. The causes were manifold. The depth of the stiff layer affected the movement 

direction of the fluke when it penetrated into the stiff layer. However, the thickness and the 

undrained shear strength of the stiff layer determined the rotational behaviour and penetration 

velocity of the anchor below the soft-stiff interface. The combination of the above resulted in 

a 4% to 22% reduction in final embedment depth when the VLA penetrated into the layered 

clay. The impacts of the depth, thickness and strength of the stiff layer on the motion 

characteristics of the VLA have been discussed, and the undrained shear strength of the stiff 

layer was the crucial factor. 
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(a) t/ds=0, 10, 22.36 and 30 (in group Ⅱ)                      (b) d/ds=0, 10, 22.36 and 30 (in group Ⅲ) 

 
(c) sut2-sub1 =0, 10 and 20 (in group Ⅳ) 

Fig. 13.  Effect of the stiff layer on the drag trajectory of the VLA 

4.2 Drag angle 

To quantify the rotational behaviours of the anchor, the drag angles at the shackle 

relative to the top surface of the fluke were introduced, as presented in Fig. 14 (a). The fluke 

no longer rotated when the drag angle θa was approximately equal to the designed shackle 

angle (in this case, the designed shackle angle was 45°). 

During the initial drag embedment phases, the fluke flipped rapidly, resulting in a large 

variation in drag angle as it first decreased and then increased. With further embedment, the 

fluke was completely embedded in the soil, and the rotational behaviour gradually increased. 

However, the stiff layer caused a significant difference. Due to the rotational behaviour of the 

VLA demonstrated in Fig. 12, the drag angle peaked at the interface of the soft-stiff layer and 

was slightly more than 45°. With further drag embedment, the drag angle stabilized in a 

fluctuating pattern. Moreover, the peak drag angle mainly depended on the strength of the 

stiff clay, the embedded depth of the stiff layer primarily affected the drag distance 

corresponding to the peak drag angle, and the presence of the stiff layer diminished the 

ultimate stable drag angle. 



Bin Wang, Yuqi Jiao, Dongsheng Qiao,                                  Motion characteristics of vertically loaded anchor 

Shan Gao, Tianfei Li, Jinping Ou                                                     during drag embedment in layered clay 

120 

          
(a) The drag angle diagram                                (b) t/ds=0, 10, 22.36 and 30 (in group Ⅱ) 

    
(c) d/ds=0, 10, 22.36 and 30 (in group Ⅲ)                        (d) sut2-sub1 =0, 10 and 20 (in group Ⅳ) 

Fig. 14.  Effect of the stiff layer on the drag angle of the VLA 

4.3 Movement direction angle 

The penetration behaviours of the VLA were usually along the movement direction 

angle θm, which denoted the movement angle of the fluke relative to the top surface of the 

fluke, as shown in Fig. 15(a). The relationships between the movement direction angle θm and 

the horizontal drag distance depicted in Fig. 13 demonstrate that the stiff layer of clay led to a 

significant concave trend of θm. The embedded depth of the stiff layer determined where the 

concave shape appeared on the tendency line of θm. The thickness of the stiff layer slightly 

affected the size of the concave opening. The undrained shear strength of the stiff layer was 

the decisive factor in the lower limit of the concave and its opening. The results shown in Fig. 

15(d) supported this conclusion further by doubling the differential strength of the soft-stiff 

layer interface, and the movement direction angle θm decreased by more than 2 times because 

the higher soil strength required a longer drag distance for adjusting the movement direction 

as the anchor penetrated through the stiff layer. As the VLA moved along the top surface of 

the fluke, the movement direction angle θm eventually converged to zero. It is worth noting 

that the change in the movement direction angle was more sensitive to the presence of the stiff 

layer compared with the drag angle. 
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(a) The movement direction angle diagram                              (b) t/ds=0, 10, 22.36 and 30 (in group Ⅱ) 

    
(c) d/ds=0, 10, 22.36 and 30 (in group Ⅲ)                           (d) sut2-sub1 =0, 10 and 20 (in group Ⅳ) 

Fig. 15.  Effect of the stiff layer on the movement direction of the VLA 

4.4 Drag forces 

The drag forces exerted at the shackle of the VLA increased by 1 to 3 times and 

presented a convex shape on the tendency line when the shackle penetrated into the stiff layer 

of clay, as shown in Fig. 16. However, after the anchor penetrated through this layer, the drag 

force decreased to less than that of the uniform clay. It seems that the embedded depth of the 

stiff layer had the most significant effect on the drag force, as inferred from Fig. 16. For a 

working condition with the normalized embedded depth of the stiff layer d/ds=30, t/ds=10 and 

sut2-sub1=10 kPa (Fig. 16 (a)), the drag force was steady after the horizontal drag distance 

reached 10 m, and the ultimate drag force was only 48% of that of the uniform clay, which 

meant that the bearing capacity of the VLA significantly declined as the embedded depth of 

the stiff layer increased. When the embedded depth was taken to be the same, the size of the 

convex opening on the tendency line of the drag force depended on the thickness of the stiff 

layer, as depicted in Fig. 16 (b), and the ultimate drag force was determined by the undrained 

shear strength. Fig. 16 (c) also suggests that doubling sut2-sub1 could lead to a 30% decrease in 

the ultimate drag force. 
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(a) t/ds=0, 10, 22.36 and 30 (in group Ⅱ)                        (b) d/ds=0, 10, 22.36 and 30 (in group Ⅲ) 

 
         (c) sut2-sub1 =0, 10 and 20 (in group Ⅳ) 

Fig. 16.  Effect of the stiff layer on the drag force of the VLA 

5. Conclusions 

This paper reported the results of analyses using LDFE to investigate the motion 

characteristics of a VLA during drag embedment through nonuniform clay with an 

interbedded stiff layer. The CEL large deformation finite element analysis method was 

applied to model behaviour as the VLA penetrated continuously from the seabed surface. The 

numerical analysis results of the drag force profiles were validated against corresponding 

results obtained with the inverse catenary equation. The mechanisms of drag embedment in 

layered clay were revealed. The effects of the embedded depth, thickness and undrained shear 

strength of the stiff layer on the trajectory, drag angle, movement direction and drag force of 

the VLA were explored. 

Overall, the CEL numerical analysis successfully captured the results from the inverse 

catenary equation. The abrupt variations in the undrained shear strength caused predominant 

rotations at the interfaces of clay layers. The stiff layer significantly affected the motion 

characteristics of the VLA, and the conclusions were as follows. 

(1) The undrained shear strength of the stiff layer was the crucial factor that affected the 

drag trajectory of the VLA. The parameters studied in this paper resulted in from 4% to 22% 

reduction in final embedment depth compared to the circumstances in uniform clay. The drag 

trajectory of the VLA implied a reduction in the penetration velocity in a stiff layer of the 

layered clay. 

(2) The drag angle θa peaked at the interface of the soft-stiff layers. The peak drag angle 

mainly depended on the strength of the stiff clay, the embedded depth of the stiff layer 

primarily affected the horizontal drag distance corresponding to the peak drag angle, and the 

presence of the stiff layer diminished the ultimate stable drag angle. 
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(3) The stiff layer of the layered clay led to a significant concave trend of the movement 

direction angle θm. The embedded depth of the stiff layer determined where the concave shape 

appeared on the tendency line of θm. The undrained shear strength of the stiff layer was the 

decisive factor in the lower limit of the concave trend and its opening. Doubling the 

differential strength of the soft-stiff layer interface caused a more than 2-fold reduction in the 

movement direction angle θm. 

(4) Among the parameters studied in this paper, the drag forces exerted at the shackle 

increased by 1 to 3 times and presented a convex shape on the tendency line when the VLA 

penetrated into the stiff layer of clay. The size of the convex opening on the tendency line 

depended on the thickness of the stiff layer. Doubling the differential strength of the soft-stiff 

layer interface led to a 30% decrease in the ultimate drag force. 
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