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Investigation of the installation process of drag-in plate anchors from 38 

LDFE modelling 39 

Shubhrajit Maitra, Yinghui Tian and Mark J Cassidy 40 

Abstract 41 

 The installation of drag-in plate anchors is investigated using advanced large 42 

deformation finite element (LDFE) analysis. A new modelling technique that can realise the 43 

continuously evolving loading angle on the anchor line is described. The entire anchor 44 

trajectory is simulated till the anchor reached an ultimate state after dragging by a very large 45 

distance, typically in the range of 40 to 70 times of anchor width. An installation in simple 46 

uniform and non-sensitive soil is first presented with agreement against well-established 47 

plasticity and analytical solution offering verification of the techniques developed. The 48 

effects of anchor padeye position, seabed soil conditions, anchor line properties and anchor-49 

soil interface on the installation response are then discussed. The findings highlight that 50 

plasticity and analytical approaches are not necessarily conservative when the yield surface 51 

derived from deep embedded anchors is applied in shallow conditions. The LDFE results also 52 

demonstrate the importance of accounting for soil remoulding around both the anchor and 53 

anchor installation line. The results of this study present insights for offshore engineers to 54 

consider and incorporate when estimating drag anchor installation trajectory and holding 55 

capacity. 56 

 57 

Keywords: Anchors, Anchors & anchorages, Clays, Finite-element modelling, Offshore 58 

engineering59 
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1. Introduction 60 

With low installation costs, high holding efficiency and ability to be reused, drag 61 

anchors are an attractive option to secure the next generation of offshore facilities, such as 62 

floating wind turbines. The traditional fluke anchors, consisting of a main plate (termed a 63 

“fluke”) and a shank, and the more recent vertically loaded anchors (VLAs) (see Fig. 1) are 64 

two typical forms of drag anchors (Dean, 2010; Randolph & Gourvenec, 2011). The fluke 65 

anchor is equipped with a fixed angle shank, whereas the modern VLA has a slim and 66 

adjustable shank to optimise the orientation and thus the holding capacity after installation. 67 

Once deployed on the seabed, drag anchors are installed by pulling an installation line 68 

from an anchor handling vessel. The vessel’s forward motion causes tension of the line and 69 

leads the anchor to embed. The anchor also rotates until the line tensile force passes through 70 

the rotation centre of the anchor (see Tian et al., 2018, 2020 for details). Consequently, 71 

rotation of the anchor stops, and in this ultimate state the anchor does not penetrate further 72 

deeper. Modelling this installation is extremely challenging, as the trajectory is difficult to 73 

visualise in soil during physical experiments, and large deformations are inevitably involved 74 

in numerical modelling. 75 

The currently available predictions of drag anchor installation and trajectory can be 76 

classified into three categories: (a) empirical design charts (NCEL, 1987; API, 2005; Vryhof, 77 

2018), (b) analytical methods based on force equilibrium or force-resultant plasticity models 78 

(Neubecker & Randolph, 1996; O’Neill et al., 2003; Murff et al., 2005; Aubeny & Chi, 2010; 79 

Cassidy et al., 2012; Wang et al., 2014; Tian et al., 2015a), and (c) advanced numerical 80 

modelling (Zhao & Liu, 2016; Dou & Yu, 2018). As summarised in Table 1, the empirical 81 

methods, expressed as design charts, simplistically relate the holding capacity and penetration 82 

depth as functions of anchor weight, soil shear strength and anchor type. The analytical 83 
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methods are simple and easy to use (with most written as spreadsheets or computer software 84 

that takes seconds to run, see Cassidy et al., 2012), but they do not yet account for 85 

remoulding of soil around the anchor. As shown later in this paper, this can significantly 86 

overestimate the penetration depth and holding capacity. Because of the difficulties in large 87 

deformation analysis, limited numerical simulation of drag anchor installation can be found 88 

in the literature. There are some studies in related fields that have examined the “keying” 89 

process of suction embedded plate anchors and installation of dynamically embedded plate 90 

anchors (Song et al., 2009; Yu et al., 2009; Wang et al., 2011; Tian et al., 2015b; Chen et al., 91 

2015; Ghorai & Chatterjee, 2021). 92 

The installation of drag anchors involves extremely large deformations with drag 93 

distances approximately 5–10 times that of the ultimate penetration depth (DNV, 2012). This 94 

requires an efficient and rigorous large deformation finite element (LDFE) modelling. 95 

Sequential limit analysis using adaptive remeshing can be an alternative way to simulate such 96 

large deformation problems as it can accomplish accurate geometric updating with larger 97 

displacement increments, and thus be more efficient (Kong et al., 2017). 98 

In this paper, the “remeshing and interpolation technique using small strain” (RITSS) 99 

technique (Hu & Randolph, 1998) is utilised to simulate the installation of drag anchors. 100 

RITSS has been proven robust and accurate in many applications, especially in offshore 101 

geotechnics (Wang et al., 2010, 2015; Chatterjee et al., 2012; Tian et al., 2014a, Ullah et al., 102 

2018). The large deformation process is divided into a sequence of small incremental 103 

displacement steps of Lagrangian analysis. After each step, a new mesh is reconstructed 104 

based on the deformed domain obtained from the previous analysis, which eliminates mesh 105 

distortions that would otherwise occur. The stresses, strains and field variables are 106 

interpolated from the old mesh to the reconstructed mesh before carrying out the next 107 

increment analysis. By implementing in software Abaqus (Dassault Systèmes, 2013), the 108 
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entire RITSS process is controlled using Python scripts (for remeshing and carrying out 109 

subsequent Lagrangian analyses) and Fortran subroutines (for interpolation of stresses, strains 110 

and field variables). A detailed demonstration of the RITSS methodology implemented and 111 

followed can be found in Chatterjee et al. (2012), Tian et al. (2014a) and Maitra et al. (2019) 112 

and for brevity is omitted here. 113 

After verifying the numerical model against the established methodology of plasticity 114 

analysis and analytical solution, the installation process was examined by carrying out a 115 

parametric study of 17 LDFE analysis cases (each consuming an average running time of 96 116 

hours on a workstation with Intel Core i7 processor, 2.8 GHz CPU, 32 GB memory, 4 cores, 117 

8 threads). Evolution of the anchor line profile during installation has been incorporated by 118 

solving the governing differential equations of the anchor line (described in Section 2.3). The 119 

influence of anchor padeye position, soil strength gradient, soil remoulding and various 120 

anchor and line properties on drag anchor trajectory and holding capacity are explored. 121 

2. Numerical methodology 122 

2.1 Model setup 123 

This study adopted a simplified rectangular plate geometry considering a fluke width 124 

of 3.41 m, a fluke length of 3.3 m and a shank length of 6.24 m. The bearing area 125 

(≈ 11.25 m2) and shank length for the chosen plate is similar to that of a Vryhof Stevpris 10t 126 

Mk5 anchor (Vryhof, 2018). Modelling a complex three-dimensional (3D) anchor using 127 

LDFE technique requires significant computation time and remains computationally 128 

prohibitive for the multiple analyses required to explore generic anchor installation 129 

behaviour. As demonstrated by Wei et al. (2015) and Tian et al. (2018), the soil resistance to 130 

a 3D anchor can be represented by a two-dimensional anchor with a proper ‘equivalent’ 131 

thickness. In this paper, the anchor is simplified as a two-dimensional rectangular rigid body 132 
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(see Fig. 2), wherein the equivalent thickness of the fluke t is taken as 0.51 m and thus results 133 

in an aspect ratio of B/t ≈ 7, which has been widely adopted in the literature to represent a 134 

drag anchor (O’Neill et al., 2003; Murff et al., 2005; Yang et al., 2010). Fig. 2 illustrates the 135 

geometry and notations used. Murff et al. (2005) showed that the shank only contributes up to 136 

10% of the total anchor resistance and therefore only the fluke was modelled for simplicity. 137 

Vryhof (2018) recommends three values of fluke-shank angle θfs: 50°, 41° and 32° for 138 

installation in soft, medium and stiff clays, respectively (see Figs 1–2 for illustration). All 139 

three cases of θfs were considered, which correspond to padeye offset ratios (proposed by 140 

Tian et al., 2014b, 2015a) η = ep/en of 0.48, 0.73 and 1.08, respectively, where ep and en are 141 

the padeye offset and eccentricity, respectively, as defined in Fig. 2. 142 

The shank initially aligns horizontally on the seabed prior to installation, and the fluke 143 

is inclined at an angle θfs to the horizontal, where this assumption of initial position agrees 144 

with previous studies (e.g. Neubecker & Randolph, 1996). The anchor was assumed to be 145 

wished-in-place at a very shallow depth prior to dragging, with the top of the fluke assumed 146 

at a depth of t ≈ B/7 initially (this is because a drag anchor often self-embeds into the seabed 147 

due to its own weight). Large soil domain dimensions measuring 150B×18B have been 148 

considered to accommodate the entire anchor travel path within the numerical model. Fig. 3 149 

shows an example of a reconstructed mesh after a drag distance of 0.5B. The bottom 150 

boundary was restrained against both lateral and vertical displacements, whereas only lateral 151 

restraint was imposed on the side boundaries. The soil domain was discretized using CPE4 152 

elements (4-node bilinear element), and mesh optimisation was carried out to maintain a 153 

balance between computational time and accuracy, where the element sizes varied from 154 

0.02B (in close vicinity of the anchor) to B (away from the anchor). The anchor-soil 155 

interaction was modelled as either a fully bonded or smooth interface without allowing 156 

separation. It should be noted that undrained conditions prevail during installation in the 157 
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clayey seabed, and thus, not allowing separation at the anchor-soil interface is reasonable to 158 

model the suction at the back of the anchor, which is a common practice in the literature 159 

(Song et al., 2009; Gaudin et al., 2009). 160 

2.2 Material model 161 

 This study focuses on clay seabeds, which are the prevailing case in deep water 162 

regions where floating platforms are demanded. The installation of an anchor is typically 163 

performed within 3~12 hours. Considering consolidation coefficient of clays lying in the 164 

typical range 0.3–5m2/year, anchor installation is essentially carried out in undrained 165 

conditions; and this can be modelled using the Tresca yield criterion in a total stress 166 

framework. A Poisson’s ratio of 0.49 was assumed to model undrained condition with no 167 

volume change and keep numerical stability. To capture the effects of soil remoulding 168 

because of the accumulation of plastic shear strain, the Einav & Randolph (2005) model was 169 

used in this study: 170 

         (1) 171 

where su0 is the initial shear strength of the soil, and su is the remoulded shear strength. Δrem is 172 

the ratio between the completely remoulded su and intact su0, i.e., δrem = 1/St, where St is the 173 

soil sensitivity. St generally lies in the range of 2–6 for offshore soil conditions (Randolph, 174 

2004). Three different values of St (= 2, 3, 5) have been investigated here. ξ is the cumulative 175 

absolute plastic shear strain, whereas ξ95 is the value of ξ corresponding to 95% remoulding. 176 

Using T-bar/ball penetrometer tests and laboratory test data, Randolph (2004) and Einav & 177 

Randolph (2005) deduced that ξ95 typically ranges from 10 to 50. In this study, an 178 

intermediate value of ξ95 = 20 was chosen. It should be noted that the effects of strain rate on 179 

( ) 953 /

u u0 rem rem1s s e
   − = + − 
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undrained shear strength of soil was not studied; only soil remoulding was modelled to get 180 

conservative estimates of anchor performance. 181 

2.3 Incorporation of anchor line mechanics into the numerical model 182 

During installation, the anchor line cuts and slides through the soil, which leads to an 183 

inverse catenary profile (see Fig. 2). The anchor line profile evolves during the drag-in 184 

process, which influences the magnitude and direction of the line tension acting on the 185 

anchor. Vivatrat et al. (1982) expressed the governing differential equations for the embedded 186 

portion of the anchor line as: 187 

       (2) 188 

where T is the line tension, and ds is the length of an infinitesimal anchor line segment (see 189 

the inset in Fig. 2). F and Q are the frictional and normal resistances, respectively, acting on 190 

the segment of the line. Θ is the inclination of the segment with respect to the horizontal 191 

direction, which varies from θa at the padeye to θm at the mudline. W is the submerged weight 192 

of the line per unit length. Neubecker & Randolph (1995) obtained a closed-form solution to 193 

the governing differential equations by neglecting the weight of the anchor line: 194 

195 

             (3) 196 

where Ta is the line tension at the padeye, and μ is the friction coefficient of the anchor line. 197 

Nc, En and d are the bearing capacity factor, effective width multiplier and bar diameter of the 198 

anchor line, respectively. Sum and k define the undrained shear strength su profile of the soil 199 

(see Fig. 2), where sum is the su at the mudline, and k is the gradient of su along the depth. zp is 200 

the depth of the padeye. 201 

d d
sin ;        cos

d d

T
F w T Q w

s s


 = + = − +

( ) ( ) ( )
p

a m pa
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1 2

z
kzT

e Q z N E d s z
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     

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
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 During the anchor installation process, the loading direction of the installation line θa 202 

continuously changes to be compatible with the loading to the anchor. In the numerical 203 

LDFE, precise modelling of this process synchronously with the anchor motion is extremely 204 

challenging, and there are two methods available in the literature to account for this. One is to 205 

use load control by specifying the loading direction θa (Song et al., 2009; Wang et al., 2011; 206 

Wang & O’Loughlin, 2014). While this method is accurate in describing the development of 207 

the anchor line loading direction, it suffers from a potential numerical convergence problem. 208 

The other method is to specify incremental displacement with a fixed pull-out angle in each 209 

step of the LDFE analysis (Wang et al., 2011; Tian et al., 2015b; Ghorai & Chatterjee, 2021). 210 

However, this method inevitably accumulates errors when the mooring line is not vertical 211 

because the padeye is artificially restrained in a specified travel direction during one 212 

increment of analysis. This leads to an incorrect estimation of anchor displacement and 213 

rotation as shown Fig. 4(a) (note, this error cannot be reduced even by choosing smaller 214 

displacement increment and frequently updating θa). 215 

This paper adopted a new technique by specifying a small incremental displacement 216 

(0.01B) amplitude in the direction of anchor line, but allowing the padeye to travel 217 

transversely compatible with the system (see Fig. 4(b)). This is realised by utilising the 218 

approach proposed by Tian et al. (2016), wherein a local coordinate system x'-z' was defined 219 

with origin at the padeye (see Figs 2–4). The x' axis was oriented along the line direction at 220 

the padeye obtained from the last increment analysis, as shown in Fig. 2. In the current 221 

incremental step of LDFE analysis, the anchor was displaced by 0.01B along the x' direction 222 

while allowing free movement along the z' direction and rotation in the plane. After each 223 

incremental step analysis, the depth of the padeye zp and line direction θa were updated. The 224 

advantages of this new method are: (a) it is computationally efficient and robust as analyses 225 

are performed using displacement-control; (b) it does not restrain anchor movement in a 226 
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particular direction and remains compatible with the chain movement. A sensitivity study of 227 

the values of incremental displacements was performed, and an incremental displacement of 228 

0.01B was proven to be a good balance between accuracy and efficiency. Most of the LDFE 229 

analysis cases involved ~6000 incremental steps due to the large dragging distance.  230 

As the anchor line cuts through the soil during anchor penetration, the soil around the 231 

line is also likely to undergo remoulding. A parametric study was carried out to investigate 232 

the effect of remoulding around the anchor line using the model suggested by Sun et al. 233 

(2019), in which the remoulded friction coefficient μres and normal resistance Qres are based 234 

on the initial μ and Q: 235 

           (4) 236 

          (5) 237 

where St is soil sensitivity, and δrem = 1/St. Because of the extreme challenges involved in 238 

large deformation modelling of complicated chain links, Sun et al. (2019) obtained these 239 

remoulded coefficients using the Coupled Eulerian-Lagrangian (CEL) technique, which is an 240 

explicit dynamic approach requiring careful calibration and user’s experience. The remoulded 241 

soil resistance around the anchor line was modelled using this approach (and not using 242 

RITSS) in this paper since remoulding due to anchor line cutting through soil cannot be 243 

modelled using a two-dimensional RITSS approach. 244 

2.4 LDFE modelling procedure and analysis cases 245 

The LDFE modelling procedure is as follows: 246 

1. The finite element mesh is generated at the initial position. 247 

t
res

t

8 2

4 6

S

S
 

+
=

+

( )res rem0.4 0.6Q Q= +
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2. A local coordinate system x'-z' is defined, with an origin at the padeye and x’ axis 248 

inclined at an angle of θa with the horizontal (Note: θa = 0 for the first step). 249 

3. A small strain analysis is carried out by applying an incremental displacement of 250 

0.01B along x’ while allowing movement along z’ and rotation of the anchor. 251 

4. A new mesh is constructed with the deformed domain obtained from the previous 252 

analysis; and stresses, strains and field variables are interpolated from the old mesh to 253 

the reconstructed mesh. 254 

5. The values of Ta and zp are obtained from the previous analysis, and the updated value 255 

of θa is calculated. 256 

6. Steps 2–5 are repeated until the anchor penetrates to the ultimate embedment depth. 257 

The base case (Case 1) in this paper considers installation of an anchor with θfs = 50° 258 

in soil with uniform su. The anchor, anchor line and soil parameters for this base case are 259 

listed in Table 2. In addition, a total of 17 LDFE cases considering variations in computation 260 

parameters were conducted, which included studying the effects of various anchor line 261 

parameters, soil shear strength profile, padeye location and soil remoulding. 262 

3. The base case 263 

The base case is compared with the well-established plasticity analysis by Cassidy et 264 

al. (2012) and analytical solution by Tian et al. (2015a). Cassidy et al. (2012) developed a 265 

Fortran program (known as CASPA) based on plasticity theory. Though originally applied to 266 

model the keying of suction-embedded plate anchors in Cassidy et al. (2012), the 267 

methodology can be reconfigured and equally applied to drag installed anchors (as will be 268 

presented here), as it is based on the concept of determining anchor kinematics from yield 269 

surface and associated plastic flow rule. The development in line tension at padeye Ta, line 270 

inclination at padeye θa, embedment depth of fluke centre zc and fluke orientation α during 271 
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the drag-in process can be predicted using this method and CASPA program. The analytical 272 

solution of Tian et al. (2015a) directly provides the results at the ultimate state. Both studies 273 

model the anchor kinematics using the yield envelope (with the equation first adopted by 274 

Bransby & O’Neill, 1999) as 275 

      (6) 276 

where Nn = Fn/Bsu, Ns = Fs/Bsu and Nm =M/B2su are nondimensional normal, sliding and 277 

moment bearing factors, respectively. Fn, Fs and M are the resultant normal force, sliding 278 

force and rotational moment transferred to the fluke rotation centre from the applied line 279 

tension Ta and submerged anchor weight W’ (see Fig. 2 for illustration of the three 280 

components Fn, Fs and M). Nn max, Nm max and Ns max define the size of the yield envelope, 281 

whereas m, n, p and q are parameters defining its shape. Typical values of these parameters 282 

obtained from previous finite element studies are shown in Table 3. The yield envelope 283 

parameters proposed by Elkhatib (2006) were used in the present study to compare the LDFE 284 

results. 285 

 Fig. 5 shows the LDFE results (variation of Ta, θa, zc and α with drag distance) 286 

compared with the analytical solution and CASPA prediction. Fig. 5(a) illustrates the 287 

development of line tension, whereas Fig. 5(c) shows the anchor trajectory during 288 

installation. With an increase in drag distance, θa increases gradually, which is accompanied 289 

by a reduction in α until both reach a constant value at the ultimate embedment depth (see 290 

Figs 5(b) and 5(d)). 291 

Overall agreement between the plasticity approach prediction and the LDFE 292 

numerical results is observed (discrepancies less than 1% at the ultimate state), although 293 

1/

smn

n max m max s max

1 0

p
nmq

NNN
f

N N N

    
 = + + − =   
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discrepancies (up to ~ 20% in Fig. 5(c)) are observed at the start of the embedment process 294 

(i.e., when embedment is less than ~ 4B). This discrepancy is due to the yield surface used in 295 

CASPA, as the analytical solution is based on a deeply buried mechanism, while the LDFE 296 

modelling of this paper can capture the shallow mechanism that is affected by the seabed 297 

surface. Fig. 6 shows the contour plots of the incremental soil displacement usoil (obtained 298 

from a single step of LDFE) normalised by the incremental padeye displacement upadeye. In 299 

the early stage of drag-in, the seabed geometry changes with the formation of a heave on the 300 

front side of the fluke. The heave initially grows as the anchor penetrates deeper (compare 301 

Figs 6(a) and 6(b)), and the soil flow mechanism extends up to the soil surface. As drag 302 

embedment progresses, the mechanism gradually transforms into a localised “flow around” 303 

mechanism, as shown in Fig. 6(d); Fig. 6(c) is the intermediate transitional mechanism 304 

between shallow and deep mechanisms. 305 

4. Interpretation of the LDFE results 306 

4.1 Effect of fluke-shank angle, θfs 307 

 The three different values of the fluke-shank angle, θfs =50°, 41° and 32°, 308 

recommended for soft, medium and stiff clays by Vryhof (2018), were considered in this 309 

study (see Cases 1–3 in Table 2). These correspond to padeye offset ratios η = ep/en = 0.48, 310 

0.73 and 1.08. 311 

Fig. 7 illustrates the development of Ta and zc during installation of the anchor. Table 312 

4 summarises the values of Ta
ult, zc

ult, θa
ult and αult at the ultimate state. Ta, zc, θa and α are 313 

significantly lower for anchors with smaller fluke-shank angles θfs. Fig. 7 also compares the 314 

LDFE results with the CASPA predictions for various values of θfs. An agreement between 315 

LDFE and CASPA estimates is seen for θfs = 50°, and a significant discrepancy is observed 316 

for smaller θfs. Again, the reason for this discrepancy is that the analytical approaches are 317 
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based on the yield envelope parameters derived from deep embedment. For θfs = 32°, zc
ult is 318 

~2.2B, and in such circumstances, the failure mechanism would be different from the deep 319 

mechanism (similar to an intermediate mechanism, as shown in Fig. 6(c)). 320 

This is further evidenced from Fig. 8, where Fig. 8(a) shows the load paths in the Nn - 321 

Ns - Nm space of LDFE for θfs = 50°, 41° and 32° (i.e., Cases 1–3), with the yield envelope of 322 

Eq. 6 shown. Fig. 8(b) is the projection on the two-dimensional Nn - Ns plane. Each load path 323 

starts from the origin (i.e., prior to the tensioning of the anchor line) and approaches the yield 324 

envelope. At the ultimate state, the moment bearing factor Nm = 0, since the line tension 325 

passes through the anchor rotation centre, and thus, the resulting moment reduces to 0. For θfs 326 

= 32°, the yield envelope size is likely to be smaller than in the deep embedment case. 327 

Assuming a smaller yield envelope with Nn max = 8.5 by keeping other yield envelope 328 

parameters unchanged (see Fig. 8), the analytical solution for zc
ult (Tian et al. 2015a) is 329 

predicted to be 2.2B, which matches well with the LDFE prediction. This implies that the 330 

yield envelope parameters need to be chosen carefully for the accurate estimation of 331 

trajectory using the analytical methods, particularly for the cases where the anchor penetrates 332 

at a shallow depth. 333 

4.2 Effect of soil strength profile 334 

 Deep water seabed strength commonly increases with depth, su = sum + kz, where k is 335 

the shear strength gradient along depth z, and sum is the shear strength at the mudline. kB/sum 336 

is a factor representing the heterogeneity of the shear strength profile. As detailed in Table 2, 337 

Cases 4–7 were conducted to show the effect of this heterogeneity on the installation 338 

response. The LDFE results for su = 1 + 1.5z (su in kPa, z in m) are shown in Fig. 9. From 339 

Fig. 9(b), it can be seen that the anchor penetrates deeper than the uniform su profile. This is a 340 

result of different soil resistance distribution along the anchor line due to a significant portion 341 
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of the line interacting with weaker soils located at shallow depths. Consequently, the anchor 342 

mobilises a higher holding capacity in a typical normally consolidated strength profile where 343 

su increases with depth compared to a uniform strength case. 344 

The plasticity and analytical solutions (Cassidy et al., 2012; Tian et al., 2015a) for this 345 

case are also shown. It is observed that these solutions overestimate both the penetration 346 

depth and the capacity significantly. This is because the plasticity and analytical methods 347 

assume su as linearly increasing with depth during the entire drag-in process. However, this is 348 

not true because the soil from shallow depth can flow with the anchor during drag-in as 349 

indicated from the su contour in Fig. 10 after a drag distance of 10B. The soft soil dragged 350 

along with the anchor can be clearly observed in the LDFE analysis. However, in reality, the 351 

anchor-soil interface is not fully rough. The volume of soft soil getting dragged is likely to 352 

depend on interface roughness and will be less for a smoother interface. Thus, Cases 4–7 353 

represent the scenario of maximum soft soil being dragged.  354 

 Different values of sum and k were considered, with kB/sum ranging from 0 to 5, and 355 

the values of zc
ult and Ta

ult obtained from the LDFE simulations were compared with the 356 

analytical solutions. As shown in Fig. 11, zc
ult

LDFE/zc
ult

analytical and Ta
ult

LDFE/Ta
ult

analytical decrease 357 

with kB/sum. Predictions using the two approaches show up to 11% and 42% differences in 358 

zc
ult and Ta

ult, respectively, as seen when kB/sum = 5. Again, this highlights the non-359 

conservativeness of the analytical solution by neglecting the dragging of soft soil around the 360 

anchor. 361 

4.3 Effect of anchor weight, anchor line parameters and interface roughness 362 

 As listed in Table 4, variations in anchor weight, anchor line properties and anchor-363 

soil interface are considered in Cases 8–12. The results are summarised in this section and 364 

detailed in Table 4, with no figure presented for brevity. 365 
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4.3.1 Anchor weight 366 

 A comparison of two anchor weights of 0 and 16.37 kN/m (Cases 1 and 8, see Table 367 

2) shows that the anchor weight does not have any obvious influence on the holding capacity 368 

and anchor trajectory. Ta
ult and zc

ult for Case 8 with an anchor weight of 16.37 kN/m were 369 

0.1% and 2.2% more than Case 1, respectively. This confirms the conclusions of Murff et al. 370 

(2005) and Tian et al. (2015a) that anchor performance is mainly correlated to the geometry 371 

and bearing area rather than the weight. However, the majority of the current design practices 372 

(NCEL, 1987; API, 2005; Vryhof, 2018) express anchor capacity empirically as a function of 373 

anchor weight. The logic behind this is that the weight is related to anchor size. New methods 374 

or charts that relate capacity directly to bearing area and geometry are foreseen as an 375 

improvement to the current practice.  376 

4.3.2 Anchor line parameters 377 

 Dutta & Degenkamp (1989) obtained an anchor line bearing factor Nc of 7.6 from 378 

model tests in the laboratory, while DNV (2012) recommends Nc in the range of 9–14. The 379 

effective width multipliers En are 1 and 2.5 for wire- and chain-type anchor lines, respectively 380 

(DNV, 2012). Thus, a lumped value of EnNc is considered to range from 7.6 to 35 in the 381 

present study. Considering a line diameter d of 0.125 m, three cases of EnNcd/B = 0.28, 0.92 382 

and 1.28 were studied, as listed in Table 2 (Cases 1, 9 and 10). The ultimate embedment 383 

depth was found to decrease from 11.32B to 3.13B as EnNcd/B was increased from 0.11 to 384 

0.51 for θfs =50° (see Table 4). The results are very sensitive to the value of EnNcd chosen, 385 

highlighting that the anchor line loading angle θa increases significantly with an increase in 386 

EnNcd, resulting in a lower value of the ultimate embedment depth. Thus, accurate estimation 387 

of the anchor line performance is important in predicting the anchor trajectory. 388 
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 The closed-form solution proposed by Neubecker & Randolph (1995) considers a 389 

weightless anchor line (Eq. 2). To investigate the effect of the weight of the line, the 390 

governing differential equations defining the anchor line mechanics (Eq. 1) was solved by 391 

using the iterative numerical integration scheme proposed by Vivatrat et al. (1982). Case 11 392 

was performed considering a line buoyant weight of 3.3 kN/m as recommended by Vryhof 393 

(2018) for a 0.125 m diameter chain. zc
ult was obtained as 18.11 m, which is marginally 394 

greater (~6%) than the base case, whereas the Ta
ult was nearly unaffected. 395 

4.3.3 Anchor-soil interface roughness 396 

 A fully bonded anchor-soil interface was used in the above analyses. Case 12 is 397 

conducted to consider a smooth interface (i.e., frictionless tangential behaviour). The results 398 

at ultimate depth are shown in Table 4. The anchor capacity at the padeye was reduced by 399 

~48% compared to that at the fully bonded interface. The ultimate embedment depth was 400 

observed to be ~17% less than that of the fully bonded interface. This significant reduction in 401 

holding capacity and embedment for a smooth interface is not solely due to the sliding 402 

friction at the interface. Rather, a higher padeye offset ratio is expected for the smooth 403 

interface case to encourage anchors to dive into deeper seabeds because the optimised padeye 404 

offset ratio is much larger for low sliding resistance according to Tian et al. (2015a). Thus, 405 

the effect of anchor-soil roughness must be considered to optimise the performance of drag 406 

anchors. 407 

4.4 Effect of soil remoulding 408 

4.4.1 Soil remoulding around the anchor 409 

 The Einav & Randolph (2005) model (Eq. 1) was adopted to account for soil shear 410 

strength evolution due to remoulding during the anchor installation process. In the present 411 
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study, the soil sensitivities St were considered to range from 1 to 5 in Cases 1 and 13–15, as 412 

listed in Table 2. Fig. 12 shows the development of line tension and the anchor trajectory for 413 

various values of soil sensitivity St. It is evident that both the installation resistance and 414 

embedment depth decreased significantly with an increase in St, which led to a loss of 415 

holding capacity by 35% ~ 61% and a reduction of embedment depth by 16% ~ 41%. This is 416 

because the soil remoulding resulted in smaller line tension Ta compared to the base case, 417 

thus leading to a higher value of loading angle θa. Fig. 13 shows the normalised shear 418 

strength contours (the real time su normalised with respect to initial/intact shear strength, su0) 419 

corresponding to a drag distance of 5B for St = 2 and 5. It can be seen that ~2.5B to ~4B 420 

width of soil along the anchor trajectory was remoulded for St = 2–5. Therefore, the anchor 421 

tends to end up in a shallower embedment in soils with high sensitivity. 422 

4.4.2 Soil remoulding around both anchor and anchor line 423 

 As the anchor line cuts through the soil during the drag-in process, the soil around the 424 

line is likely to be remoulded as well. The effects of this remoulding around the line have 425 

been incorporated into the LDFE model using the approach proposed by Sun et al. (2019) 426 

(see Eqs. 4 and 5). Fig. 14 shows the predicted anchor trajectories considering soil 427 

remoulding around both anchor and line (for St = 2 and 3 in Cases 16 and 17) compared with 428 

Cases 13 and 14 (considering remoulding around the anchor only). As seen from Fig. 14, the 429 

anchor dives deeper into the soil (by ~ 14%–25% for St = 2–3) if remoulding around the line 430 

is considered. This is because the soil resistance mobilised on the embedded anchor line 431 

decreases as St increases. Thus, the line angle at the padeye θa decreases, which allows the 432 

anchor to penetrate deeper resulting in greater ultimate embedment depth (see Table 4). 433 

5. Conclusions 434 
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ManuscriptC leanV ersion.docxMainDocument RVT Review Copy Only 20



19 
 

 Modelling drag anchor installation is computationally challenging due to the 435 

extremely large deformation. This paper carried out a series of LDFE analyses and presented 436 

results to examine the installation process. A technique by using local coordinate system 437 

(developed by Tian et al., 2016) was implemented that allows the change in loading direction 438 

at the padeye to be modelled while maintaining compatibility with the evolution of the anchor 439 

line profile. A base case was verified with well-established analytical solutions. A detailed 440 

parametric study was then carried out to study the effects of various factors, including anchor, 441 

soil and anchor line parameters. The numerical LDFE results confirmed that anchor 442 

performance predominantly depends on geometry and bearing area (fluke dimensions, fluke-443 

shank angle) rather than weight, which agrees with previous established studies 444 

demonstrating simple correlations between weight and capacity are not appropriate. The 445 

major findings from this study can be summarised as: 446 

(1) The plasticity and analytical approaches, based on the yield surface developed from a 447 

deeply buried scenario, overpredicts the ultimate embedment depth and the holding capacity 448 

when the embedment depth is shallow. Improved yield surface parameters that reflect soil 449 

failure mechanism close to the seabed surface are required for plasticity analysis when the 450 

anchor penetration is shallow. 451 

(2) LDFE simulations in normally consolidated soils show that a significant volume of soft 452 

upper soil may get dragged along with the anchor during installation, leading to shallower 453 

embedment and lower capacity. The analytical solutions cannot capture the soil flow during 454 

drag-in, and thus, they may not be conservative, with an overprediction of the ultimate 455 

embedment and capacity by 11% and 42% in the cases presented. 456 

(3) Soil remoulding around the anchor is found to reduce embedment by 16% ~ 41% and 457 

holding capacity at padeye by 35% ~ 61% for St = 2–5. Further, remoulding around the 458 

Auto-generated PDF by ReView Géotechnique
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anchor line can cause the anchor to penetrate to a greater depth by ~ 14%–25% for St = 2–3. 459 

Remoulding has significant implications for offshore engineering practices and should be 460 

incorporated in the estimation of drag anchor installation. It should be noted that the strain 461 

rate dependency of undrained shear strength has not been modelled. 462 

The anchor was simplified as an equivalent two-dimensional rectangular plate where 463 

the influence of shank was accounted for by using an equivalent thickness. Such 464 

simplification is necessary because three-dimensional large deformation numerical model 465 

with a complex drag anchor geometry is extremely computationally expensive. Future studies 466 

on obtaining two-dimensional equivalent plate dimensions (width and thickness) to represent 467 

the three-dimensional drag anchor behaviour (for various aspect ratios) are foreseen to 468 

provide a good balance between accuracy and computational time. This can be crucial for 469 

LDFE analyses as it can make numerical modelling of the commercial drag anchor 470 

installation process computationally viable. 471 
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Notation 478 

B  Width of fluke 

d  Diameter of anchor line 

E  Deformation modulus of soil 

En  Multiplier for obtaining width of anchor line in normal direction 

en  Eccentricity of padeye 

ep  Offset of padeye 

F, Q  Frictional and normal resistances acting on anchor line 

f  Locus of points on yield envelope 

k  Shear strength gradient along depth 

m, n, p, q  Coefficients defining shape of the yield envelope 

Nc  Bearing capacity factor of anchor line 

Nn, Ns, Nm  Normal, sliding and rotational bearing factor 

Nn max, Ns max, Nm max  Normal, sliding and rotational uniaxial bearing capacity factor 

Qres  Normal resistance acting on anchor line considering effect of 

remoulding 

St  Sensitivity of soil 

s  Distance measured along anchor line starting from padeye 

su  Undrained shear strength of soil 

sum  Undrained shear strength of soil at mudline 

su0  Intact shear strength of soil prior to remoulding 

T  Anchor line tension 

Ta  Anchor line tension at padeye 

Ta
ult  Ultimate anchor line tension at padeye 

t  Fluke thickness 
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usoil, upadeye  Incremental soil and padeye displacements in one step of LDFE 

W'  Submerged weight of anchor 

w  Submerged weight of anchor line per unit length 

x, z  Horizontal and vertical coordinates 

x', z'  Coordinates defined using a local coordinate system with origin 

at padeye and x' axis tangential to anchor line at padeye 

zc  Embedment depth of fluke centre 

zc
ult  Ultimate embedment depth of fluke centre 

zp  Embedment depth of padeye 

δrem  Ratio of fully remoulded shear strength to intact shear strength 

η  Padeye offset ratio 

γ'  Submerged unit weight of soil 

μ  Friction coefficient of anchor line 

μres  Friction coefficient of anchor line considering effect of 

remoulding 

θ  Inclination of anchor line 

θa  Inclination of anchor line at padeye 

θa
ult  Ultimate inclination of anchor line at padeye 

α  Inclination of fluke 

αult  Ultimate inclination of fluke 

θfs  Angle between fluke and shank 

θm  Inclination of anchor line at mudline 

ξ  Accumulated absolute plastic strain 

ξ95  Accumulated absolute plastic strain after 95% remoulding 

  479 
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List of abbreviations 480 

LDFE  Large deformation finite element 481 

RITSS  Remeshing and interpolation technique using small strain 482 

SEPLA Suction embedded plate anchor 483 

VLA  Vertically loaded anchors  484 
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ManuscriptC leanV ersion.docxMainDocument RVT Review Copy Only 29



28 
 

Tian, Y., Gaudin, C., Randolph, M. F. & Cassidy, M. J. (2015b). Influence of padeye offset 578 

on bearing capacity of three-dimensional plate anchors. Canadian Geotechnical Journal, 579 

52(6), 682–693. https://doi.org/10.1139/cgj-2014-0120. 580 

Tian, Y., Zheng, T., Zhou, T. & Cassidy, M. J. (2016). A new method to investigate the 581 

failure envelopes of offshore foundations. In Proceedings of the 35th International 582 

Conference on Ocean, Offshore and Arctic Engineering, Busan, Korea, OMAE2016–583 

54513. https://doi.org/10.1115/OMAE2016-54513. 584 

Tian, Y., Gaudin, C., Randolph, M. F., Cassidy, M. J. & Peng, B. (2018). Numerical 585 

investigation of diving potential and optimization of offshore anchors. Journal of 586 

Geotechnical and Geoenvironmental Engineering, 144(2), 04017117. 587 

https://doi.org/10.1061/(ASCE)GT.1943-5606.0001830. 588 

Tian, Y., Cassidy, M. & Randolph, M. (2020). Optimising anchor design to encourage 589 

achieving greater embedment depth and holding capacity. In Proceedings of the 4th 590 

International Symposium on Frontiers in Offshore Geotechnics, Austin, Texas. 591 

Ullah, S. N., Hou, L. F., Satchithananthan, U., Chen, Z. & Gu, H. (2018). A 3D RITSS 592 

approach for total stress and coupled-flow large deformation problems using 593 

ABAQUS. Computers and Geotechnics, 99, 203-215. 594 

https://doi.org/10.1016/j.compgeo.2018.01.018. 595 

Vivatrat, V., Valent, P. J. & Ponterio, A. A. (1982). The influence of chain friction on anchor 596 

pile design. In Proceedings of the 14th Annual Offshore Technology Conference, 597 

Houston, Texas, USA, pp. 153–156. https://doi.org/10.4043/4178-MS. 598 

Vryhof (2018). Vryhof manual: The guide to anchoring. Vryhof Anchors. See 599 

http://www.vryhof.com/pdf/anchor_manual.pdf (accessed 01/08/2021). 600 

Auto-generated PDF by ReView Géotechnique
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Fig. 6 Normalised soil displacement (usoil/upadeye) contours in soils with uniform su after drag 646 

distances of (a) 0.5B; (b) 3B; (c) 6B; and (d) 12B (Base case – Case 1) 647 

Fig. 7 Effect of fluke-shank angle (θfs) in soils with uniform su: (a) line tension at padeye; (b) 648 

embedment of fluke centre (Cases 1–3) 649 

Fig. 8 Load paths and yield envelope for θfs = 50°, 41° and 32°: (a) Nn – Ns – Nm space; (b) 650 

Nn – Ns space (Cases 1–3) 651 

Fig. 9 Drag anchor installation response in soils with s
u
 varying along depth: (a) line tension 652 

at padeye; (b) normalised embedment of fluke centre (Case 4) 653 

Fig. 10 Shear strength contours corresponding to a drag distance of 10B in soils with su = 1 + 654 

1.5z (su in kPa, z in m) for θfs = 50° (Case 4) 655 
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Fig. 11 Comparison between analytically obtained and LDFE-simulated ultimate embedment 656 

depth and mobilized line tension at the padeye for various shear strength profiles of soil (θfs = 657 

50°, Cases 1, 4–7) 658 

Fig. 12 Effect of soil sensitivity on installation response: (a) line tension at padeye; (b) 659 

embedment of fluke centre (Cases 1, 13–15) 660 

Fig. 13 Normalised shear strength (su/su0) contours after drag by a distance of 5B considering 661 

remoulding in soils: (a) St = 2 (Case 14); (b) St = 5 (Case 15) 662 

Fig. 14 Comparison of anchor trajectories considering remoulding around anchor line (Cases 663 

16–17) with predicted trajectories ignoring remoulding around the line (Cases 13–14)   664 
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Table 1 Overview of various studies on the prediction of drag anchor trajectory and holding 665 

capacity 666 

Category Source Methodology Anchor geometry/type 

Empirical 

design 

charts 

NCEL (1987), 

API (2005), 

Vryhof (2018) 

Design charts and correlations 

obtained from test data bases 

Various types of 

commercially available 

drag anchors 

Analytical 

methods 

Neubecker & 

Randolph 

(1996) 

Incremental analysis based on limit 

equilibrium method 

Various types of drag 

anchors  

O’Neill et al. 

(2003) 

Plasticity approach based on a 

force-resultant model 

Rectangular and wedge-

shaped flukes 

Murff et al. 

(2005) 

Analytical approaches based on 

either limit equilibrium or plasticity 

analysis 

Vertically loaded plate 

anchors 

Aubeny & 

Chi (2010) 

Plasticity approach based on a 

force-resultant model 

Rectangular fluke and 

cylindrical shank 

Cassidy et al. 

(2012) 

Plasticity analysis  Originally developed 

for SEPLA, but shown 

in this paper to be 

applicable to other drag 

installation 

Wang et al. 

(2014) 

Quasi-static analysis considering an 

integrated system of anchor, line 

and vessel 

Rectangular fluke and 

cylindrical shank 

Tian et al. 

(2015a) 

Analytical solution for ultimate 

state based on a force-resultant 

model 

Anchor idealized as a 

rectangular plate 

Advanced 

numerical 

modelling 

Zhao & Liu 

(2016), Dou 

& Yu (2018) 

LDFE analysis using coupled 

Eulerian-Lagrangian technique 

Rectangular fluke and 

rectangular cylindrical 

shank 
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Table 2 List of input parameters 667 

Parameters 
Base case 

(Case 1) 

Variations 

Notes 
Values 

Case 

Number 

Fluke width, B 3.41 m - -  

Fluke length, L 3.3 m - -  

Fluke thickness, t 0.51 m - - B/t ≈ 7 

Angle between fluke and 

shank, θfs  

50° 41°, 32° 2, 3 ep/en ranging from 

0.48 to 1.08 for 

shank length of 

6.24 m 

Shear strength of soil, su 20 kPa (1 + 1.5z) kPa 

(5 + 1.5z) kPa 

(10 + 1.5z) kPa 

(20 + 1.5z) kPa 

4 

5 

6 

7 

kB/sum varies from 

0 to 5. Here, z is 

depth in m. 

Buoyant unit weight of soil, γ' 8 kN/m3 - -  

Deformation modulus of soil, 

E 

500su0 - - 
 

Poisson’s ratio of soil 0.49 - -  

Buoyant weight of anchor, W' 0 16.37 kN/m 8  

EnNcd/B of anchor line 

 

0.92 

 

0.28, 1.28 

 

9, 10 

 
 

Buoyant unit weight of anchor 

line, w 

0 3.3 kN/m 11 
 

Friction coefficient of anchor 

line, μ 

0.3 - -  

Line angle at mudline, θm 0° - - Catenary mooring 

Anchor-soil interface 

roughness 

Rough Smooth 12 
 

Sensitivity of soil, St 1 2, 3, 5 13, 14, 15 For remoulding 

around anchor 

  2, 3 16, 17 For remoulding 

around anchor line 
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Table 3 Yield envelope parameters for B/t = 7 668 

Parameter 

Source 

O’Neill et al. 

(2003) 

Elkhatib & 

Randolph (2005) 
Elkhatib (2006) 

Yang et al. 

(2010) 

Nn max 11.87 11.93 11.93 11.98 

Ns max 4.29 4.65 4.65 4.39 

Nm max 1.49 1.63 1.63 1.65 

m 1.26 1.27 1.28 1.56 

n 3.72 3.46 3.44 4.19 

p 1.09 1.03 1.27 1.57 

q 3.16 3.23 3.93 4.43 

 669 
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Table 4 LDFE predicted results for various cases: ultimate values of line tension, fluke embedment, line inclination and fluke inclination 670 

Case 

Number 

Details of variations (cross-

referring to Table 2) 

Ultimate state 

Line tension at padeye, 

Ta
ult/L (kN/m) 

Embedment of fluke 

centre, zc
ult (m) 

 Inclination 

of line, θa
ult 

Inclination 

of fluke, αult 

 

Ta
ult/suLB 

 zc
ult/B 

1 Base case 661.89 17.06 48.87° 15.65° 9.71 5.00 

2 Fluke-shank angle, θfs 522.55 12.04 44.33° 9.44° 7.66 3.53 

3 433.35 7.50 35.89° 6.48° 6.35 2.20 

4 su profile 

 

 

 

956.23 29.43 55.94° 8.75° - 8.63 

5 1009.38 27.28 55.20° 9.06° - 8.00 

6 1140.03 25.94 54.79° 9.39° - 7.61 

7 1412.58 24.15 54.45° 9.77° - 7.08 

8 Buoyant weight of anchor, W' 663.28 17.41 50.76° 13.49° 9.72 5.11 

9 EnNcd/B 

 

650.50 45.32 48.41° 15.33° 9.54 13.29 

10 652.41 13.64 49.83° 14.26° 9.57 4.00 

11 Buoyant weight of line, w 659.26 18.11 49.65° 13.90° 9.67 5.31 

12 Smooth anchor-soil interface 354.00 14.21 57.79° 6.37° 5.19 4.17 

13 Remoulding around anchor 

(ignoring remoulding around line) 

431.55 14.34 53.19° 11.06° 6.33 4.21 

14 338.40 11.43 55.21° 13.90° 4.96 3.35 

15 256.83 10.08 52.21° 15.46° 3.77 2.96 

16 Remoulding around anchor and 

line 

428.28 16.71 53.80° 11.13° 6.28 4.90 

17 344.02 15.32 54.18° 11.66° 5.04 4.49 
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ManuscriptC leanV ersion.docxMainDocument RVT Review Copy Only 39



38 
 

 671 

Fig. 1 Sketch of drag anchors: (a) Drag embedded anchor with fixed fluke; (b) Vertically 672 

loaded anchor  673 
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 674 

Fig. 2 Problem geometry and notations  675 
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 676 

Fig. 3 Reconstructed LDFE mesh after anchor drag of distance 0.5B (Base case – Case 1)  677 
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 678 

Fig. 4 Prescribing displacement boundary conditions at padeye using: (a) global coordinate 679 

system; (b) local coordinate system   680 
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 681 

Fig. 5 Benchmarking of the adopted numerical methodology: (a) line tension at padeye; (b) 682 

line inclination at padeye; (c) embedment of fluke centre; (d) fluke inclination with horizontal 683 

(Base case - Case 1)  684 
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 685 

Fig. 6 Normalised soil displacement (usoil/upadeye) contours in soils with uniform su after drag 686 

distances of (a) 0.5B; (b) 3B; (c) 6B; and (d) 12B (Base case – Case 1)  687 
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 688 

Fig. 7 Effect of fluke-shank angle (θfs) in soils with uniform su: (a) line tension at padeye; (b) 689 

embedment of fluke centre (Cases 1–3)  690 
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 691 

Fig. 8 Load paths and yield envelope for θfs = 50°, 41° and 32°: (a) Nn – Ns – Nm space; (b) 692 

Nn – Ns space (Cases 1–3)  693 
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 694 

Fig. 9 Drag anchor installation response in soils with s
u
 varying along depth: (a) line tension 695 

at padeye; (b) normalised embedment of fluke centre (Case 4)  696 
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 697 

Fig. 10 Shear strength contours corresponding to a drag distance of 10B in soils with su = 1 + 698 

1.5z (su in kPa, z in m) for θfs = 50° (Case 4)  699 
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ManuscriptC leanV ersion.docxMainDocument RVT Review Copy Only 49



48 
 

 700 

Fig. 11 Comparison between analytically obtained and LDFE-simulated ultimate embedment 701 

depth and mobilized line tension at the padeye for various shear strength profiles of soil (θfs = 702 

50°, Cases 1, 4–7)  703 

Auto-generated PDF by ReView Géotechnique
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 704 

Fig. 12 Effect of soil sensitivity on installation response: (a) line tension at padeye; (b) 705 

embedment of anchor (Cases 1, 13–15)  706 

Auto-generated PDF by ReView Géotechnique
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 707 

Fig. 13 Normalised shear strength (su/su0) contours after drag by a distance of 5B considering 708 

remoulding in soils: (a) St = 2 (Case 13); (b) St = 5 (Case 15)  709 
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 710 

Fig. 14 Comparison of anchor trajectories considering remoulding around anchor line (Cases 711 

16–17) with predicted trajectories ignoring remoulding around the line (Cases 13–14) 712 
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