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ABSTRACT: Offshore mooring systems are critical for station-keeping of floating structures and typically comprise 

mooring lines and anchors embedded in the seabed. Current design guidelines often simplify the analysis by treating the 

mooring line segments in water, the embedded anchors and chains as separate systems. While these simplifications can 

reduce computational complexity, they may overlook the coupled interactions between components, leading to inaccuracies 

in predicting the overall system behavior. This paper introduces an integrated modelling approach for analysing the anchor-

line system, implemented within the finite element package, named as UoMMoor. The approach employs macroelement 

models to represent the interactions between the chain and surrounding soil, as well as the behavior of the embedded anchor. 

These macroelements encapsulate complex soil-structure interactions, allowing for computational efficiency while 

maintaining predictive accuracy. To validate the proposed method, a case study simulating the installation process of a drag 

embedment anchor is presented. The results highlight the method's capability to model complex anchor-soil and chain-soil 

interactions in three-dimensional space, offering a more comprehensive and realistic framework for designing offshore 

mooring systems in deep water. 
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1 INTRODUCTION 

Mooring systems are increaseingly becoming 

indispendsible to secure floating wind turbines. As 

shown in Figure 1, a mooring system comprises 

mooring lines (including the segment suspended in 

water and embedded in the seabed) and embedded 

anchors (such as drag anchors or plate anchors). For 

the segment of embedded mooring line, metallic 

chains are commonly adopted due to their advantages 

of heavier weight and higher abrasion resistance when 

compared with wire or synthetic fibre rope (Yen and 

Tofani, 1984). 

 

 
Figure 1. Illustration of a mooring system 

 

In current design guidelines (ABS, 2017, 2022; 

DNV GL, 2017, 2018), the embeded anchors and 

chains in soil and the mooring line segments in water 

are analysed separately. For embedded anchors, the 

influcence of the mooring line segment in water is 

typically ignored, with a constant boundary condition 

(often a fixed chain inclination angle at the mudline) 

assumed (ABS, 2017; DNV GL, 2017). On the other 

hand, the mooring lines are assumed to be either fixed 

at the seabed or the embedded anchors are represented 

as simple springs on the seabed (ABS, 2022; DNV GL, 

2018). These simplifications are inadequate to 

properly model the mooring system response (Wang et 

al., 2010), introducing uncertainty in design. 

To achieve more realistic and accurate analyses, 

integrated modeling approaches that account for 

interactions between embedded anchors, chains in soil, 

and mooring lines in water are required. However, 

such studies are limited. Wung et al. (1995) modeled 

suspended and embedded chain segments using 

nonlinear truss elements, representing the anchor as a 

soil spring attached to the embedded chain end. Chain-

soil interaction was captured using anchor-cable-soil 

elements derived from p-y and t-z curves commonly 

applied in pile analysis, while anchor-soil interaction 

was modeled using q-z curves. Wang et al. (2014) 
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developed a two-dimensional integrated model for 

drag embedment anchor installation. Their approach 

used a plasticity model (Aubeny and Chi, 2010) to 

describe anchor behavior, while the embedded chain 

configuration was governed by differential equations 

(Vivatrat et al., 1982). Tangential and normal soil 

resistances on the embedded chain segment were 

defined using empirical parameter-based equations. 

This paper presents an integrated modelling 

approach, named as UoMMoor, based on a finite 

element framework for the analysis of anchor-line 

system in three-dimensional space. The soil 

resistances to a chain link are modelled by force-

resultant model, which treats a chain link and its 

surrounding soil as macroelement by encapsulating the 

resultant soil resistance and the corresponding 

displacement of the chain link (Roscoe and Schofield, 

1956; Tian and Cassidy, 2008). Similarly, anchor 

behaviour is described using a developed 

macroelement. A case study modelling the installation 

of a drag embedment anchor was conducted to 

demonstrate the capability and validity of the 

integrated modeling approach. 

2 MACROELEMENT OF MOORING 

CHAINS 

Liu et al. (2024a) proposed a macroelement to describe 

the soil resistances to embedded chain links in three-

dimensional space. The soil resistances to the chain 

link are described by three components: T along the 

axial direction v, N along the normal direction w, and 

S along the lateral direction u, which are orthogonal to 

each other, as shown in Figure 2. The macroelement 

encapsulates combined soil resistance (T, N, S) with a 

yield surface, as shown in Figure 3. By properly 

modelling the intricate geometry of chain links, Liu et 

al. (2024b, c) carried out a large number of three-

dimensional finite element analyses. By fitting the 

finite element results, Liu et al. (2024b) proposed the 

soil resistance yield surface equation for chain links: 

 𝑓𝑓 = � |𝑁𝑁𝑡𝑡|𝑁𝑁𝑡𝑡max�𝑡𝑡 + �� |𝑁𝑁𝑛𝑛|𝑁𝑁𝑛𝑛max�𝑛𝑛 + � |𝑁𝑁𝑠𝑠|𝑁𝑁𝑠𝑠max�𝑠𝑠�1𝑝𝑝 − 1 = 0

 (1) 

 

where Nt = T/Ansu, Nn = N/Ansu and Ns = S/Ansu 

represent the dimensionless axial, normal and lateral 

soil resistances, respectively, and Ntmax = Tmax/Ansu, 

Nnmax = Nmax/Ansu and Nsmax = Smax/Ansu are the 

corresponding uniaxial bearing capacity factors. Liu et 

al. (2024c) reported the values of uniaxial bearing 

capacity factors with respect to chain link type, 

embedment depth, link direction angle and interface 

condition. An is the project area of the chain link in u-

v plane. su is the undrained shear strength of the soil. 

The parameters t, n, s, and p characterise the shape of 

the yield surface. 

 

 
Figure 2. Soil resistances acting on chain links 

 

 
Figure 3. Soil resistance yield surface of chain link 

 

The macroelement model for chain links assumes 

an associated flow rule, i.e. the plastic potential 

function g is same as yield surface function f. The 

incremental constitutive equation for the 

macroelement model is expressed as: 

 𝑑𝑑𝐍𝐍 = 𝐃𝐃𝑒𝑒(𝑑𝑑𝐮𝐮 − 𝑑𝑑𝐮𝐮𝑝𝑝) = 𝐃𝐃𝑒𝑒𝑝𝑝𝑑𝑑𝐮𝐮 = �𝐃𝐃𝑒𝑒 −
𝐃𝐃𝑒𝑒𝜕𝜕𝜕𝜕𝜕𝜕𝐍𝐍𝜕𝜕𝜕𝜕𝜕𝜕𝐍𝐍𝑇𝑇𝐃𝐃𝑒𝑒𝐻𝐻+𝜕𝜕𝜕𝜕𝜕𝜕𝐍𝐍𝑇𝑇𝐃𝐃𝑒𝑒𝜕𝜕𝜕𝜕𝜕𝜕𝐍𝐍�𝑑𝑑𝐮𝐮 (2) 

 

where dN is the dimensionless soil resistance 

increment, De is the elastic stiffness matrix, du is the 
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local displacement increment, dup is the local plastic 

displacement increment, Dep is the elasto-plastic 

stiffness matrix, and H is a hardening item (see Liu et 

al. (2024a) for more details). 

3 MACROELEMENT OF ANCHOR 

Wang et al. (2022) proposed a macroelement model 

for plate anchors under six degree-of-freedom loads in 

three-dimensional space. As shown in Figure 4, the 

soil resistances to the plate anchor are denoted as a 

normal force Nan, two sliding forces S2 and S3, a torque 

Tan and two moments M2, M3, with corresponding 

displacements of unan, us2, us3, θtan, θm2 and θm3, 

respectively. Wang et al. (2022) proposed the soil 

resistance yield surface equation for the plate anchor: 

 𝑓𝑓 = �� |𝑁𝑁𝑠𝑠2|𝑁𝑁𝑠𝑠2max�𝑠𝑠2 + � |𝑁𝑁𝑠𝑠3|𝑁𝑁𝑠𝑠3max�𝑠𝑠3 +� |𝑁𝑁𝑡𝑡𝑡𝑡𝑛𝑛|𝑁𝑁𝑡𝑡𝑡𝑡𝑛𝑛max�𝑡𝑡𝑡𝑡𝑛𝑛� 1𝑝𝑝𝑡𝑡𝑛𝑛
+ �� |𝑁𝑁𝑚𝑚2|𝑁𝑁𝑚𝑚2max�𝑚𝑚2

+ � |𝑁𝑁𝑚𝑚3|𝑁𝑁𝑚𝑚3max�𝑚𝑚3
+� |𝑁𝑁𝑛𝑛𝑡𝑡𝑛𝑛|𝑁𝑁𝑛𝑛𝑡𝑡𝑛𝑛max�𝑛𝑛𝑡𝑡𝑛𝑛� 1𝑞𝑞𝑡𝑡𝑛𝑛 − 1 = 0 (3) 

 

where Nnanmax, Ns2max, Ns3max, Ntanmax, Nm2max and Nm3max 

are the uniaxial bearing capacity factors, which are 

related to the aspect ratio of the plate. nan, s2, s3, tan, m2, 

m3, pan and qan are the parameters controlling the shape 

of the yield surface. 

 

 
Figure 4. 6 degree-of-freedom soil resistances acting on 

plate anchor 

4 IMPLEMENTATION INTO UOMMOOR 

Liu et al. (2024a) proposed an approach based on a 

finite element framework for integrated modelling of 

anchor and mooring line system. The approach has 

been implemented into commercial software 

ABAQUS, while it is ready to be implemented into 

any other software packages for offshore floating 

system analysis. The macroelement of chain links and 

anchor were user-defined elements and coded via the 

user subroutine UEL (Dassault Systèmes, 2019). Liu 

et al. (2024a) proposed an efficient explicit integration 

algorithm to solve the incremental constitutive 

equations for the macroelements (see Liu et al. (2024a) 

for more details). 

Figure 5 illustrates the components of the 

integrated mooring system model, where the chain 

elements are modelled using 3-node beam elements 

(B32H) and are connected using connector elements 

(UJOINT), which model relative rotation of adjacent 

chain links. The macroelement for a chain link is 

attached to the middle node of the chain element. The 

macroelement for the anchor is connected to the chain 

through a shank element. It is noted that this shank 

element only serves as a connection between the 

anchor macroelement and the chain in this integrated 

analysis, where the soil resistance to the shank is 

inherently accounted in the anchor macroelement 

model. Similarly, the fluke element acts as a visual 

indicator of the anchor position and inclination. 

 

 
Figure 5. Illustration of integrated mooring system model 

5 CASE STUDY 

In this case study, the installation of drag 

embedment anchor was modelled using the integrated 

modeling approach. As shown in Figure 6, the anchor 

shank was initially located at the seabed surface and 

the attachment point (padeye) was at the origin of the 

global coordinate system. It is noted that the drag 

anchor is represented as a macroelement model by 

using the parameter of Wang et al. (2022) derived by 

3D finite element analysis. The anchor line comprises 

a horizontal segment with a length of Lh = 200 m lying 

on the seabed surface and a vertical segment with a 

length of Hw = 100 m in water. The parameters for the 
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case study are summarised in Table 1. A common stud 

link chain with a bar diameter d = 100 mm is modelled, 

and the length of a chain element is adopted as 4d, 

which is calculated by subtracting the overlap between 

chain links. The undrained shear strength of the seabed 

soil is su = 5 + zc kPa, where zc is the embedment depth 

of the fluke centre. The drag embedment anchor was 

assumed to be installed in still water and the 

environmental loads from wave and current are 

neglected. The installation analysis is conducted by 

applying a horizontal displacement Ux = 400 m at the 

top end of the chain, which corresponds to the fairlead 

of an anchor handling vessel. 

 

 
Figure 6. Illustration of integrated model for drag 

embedment anchor installation 

  
Table 1. Parameters for case study 

Type Variable Value 

chain Diameter, d (mm) 100 

 Total length, L (m) 300 

 Axial stiffness, EA (MN) 1005.3 

 Air weight, W (kg/m) 219 

Anchor Fluke width, B (m) 3 

 Fluke lengh, Lf  (m) 2 

 Distance from fluke edge to 

junction point, Lj  (m) 

0.5 

 Fluke-shank angle, θf  (°) 50 

 Shank length, Ls  (m) 3 

Soil Undrained shear strength at 

mudline, sum (kPa) 

5 

 Shear strength gradient, k 

(kPa/m) 

1 

Water Depth, zw (m) 100 

 

Figure 7 shows the variation of chain profiles with 

increasing Ux, as well as the anchor trajectory 

indicated by the attachment point and the fluke centre. 

With the anchor dipping into the seabed, an invert 

catenary chain profile can be observed in soil. When 

Ux was over ~170 m, the chain profile kept unchanged 

and the anchor reached an ultimate depth, where the 

attachment point and the fluke centre were 10.50 m 

and 12.75 m at depth, respectively. 

 

 
Figure 7. Chain profiles and anchor trajectory 

 

Figure 8 shows the forces at the fairlead and the 

attachment point. When Ux was over ~170 m, the total 

force F at the fairlead and Ta at the attachment point 

reached steady values of 1005 KN and 611 kN, 

respectively, while the horizontal component Fx at the 

fairlead was 813 KN. At the ultimate state, the capacity 

from the anchor (Ta) contributed to 75% of the 

mooring force (horizontal force Fx). 

 

 
Figure 8. Force-displacement curves 

 

Figure 9 shows the variation of the combined soil 

resistance to the anchor, which is called soil resistance 

path, during the anchor installation. At the ultimate 

embedment depth, the soil resistance path and its 

projection on Nnan/Nnanmax-Ns3/N s3max plane reached the 

same point on the yield surface, which indicates the 

moment Nm2 was zero and the anchor stopped rotating 

at this state. 
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Figure 9. Normalised soil resistances to the anchor 

 

Figure 10 shows the soil resistance to the chain 

links when Ux = 50 m, 100 m, and 250 m, respectively. 

Considering the alternate directions of the chain links, 

the chain links are divided into two groups based on 

the initial direction angle β0, which is the angle 

between the x-z plane and local w axis of the chain link. 

Because the chain kept moving in the x-z plane, the 

combined soil resistance is (Nn, Nt) and (Ns, Nt) for the 

chain links with β0 = 0° and 90°, respectively. When 

Ux = 50 m, the combined soil resistance to some of the 

chain links was within the yield surface for the chain 

links at the mudline (z/W = 0, where W = 3.6d is the 

link width), which means the soil resistance states of 

these chain links were in elastic stage. When Ux = 100 

m or 250 m, the combined soil resistance to the chain 

links close to the attachment point was on the yield 

surface for deep embedded chain links (z/W ≥ 2.5). In 

contrast, for the chain links close to the mudline, the 

combined soil resistance was also near the yield 

surface of z/W = 0, as the uniaxial bearing capacity 

factors decrease with decreasing depth. 

 
(a) dimensionless soil resistances to chain links with β0 = 0° 

 

 
(b) dimensionless soil resistances to chain links with β0 = 

90° 
Figure 10. Dimensionless soil resistances to chain links 

 

6 CONCLUSIONS 

This study presents the development of an integrated 

modelling approach for anchor-line system based on a 

finite element framework. This part of work aims to 

develop a modelling package that engineers can use 

for integrated anchor-mooring analysis, allowing 

implementation of different anchor and chain models 

with flexible and versatile interfaces. This approach 

takes advantage of macroelements to consider the 

chain-soil and anchor-soil interactions. Compared to 

the traditional finite element method, this integrated 

modeling approach utilises macroelements to avoid 

the need to model detailed continuum soil elements, 

thereby significantly enhancing computational 

efficiency. The advantages of this approach include: 1) 

the soil resistances to the chain and anchor are 

coupled, thereby enhancing the rigorousness and 

accuracy of the modelling; 2) this approach can be 

easily implemented into a structural analysis package 

with comparable complexity. The case study 

demonstrates the capability of the integrated modeling 

approach by modelling the installation process of a 

drag embedment anchor, where comparision with 

established studies, such finite difference methods of 

Degenkamp and Dutta (1989), was conducted in our 

jounral paper but not repeated here due to page limit. 
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