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Abstract. This study presents Dynamic Catenary (DynCat), an extended methodology for simulating elastic 

mooring lines in free-catenary configurations connected to floating offshore units. Traditional analyses rely either 

on catenary models, which are computationally efficient but dynamically oversimplified, or on finite element 

models (FEM), which provide higher fidelity at a greater computational cost. DynCat bridges this gap by 

combining the low computational cost of catenary models with enhanced physical accuracy, grounded in principles 

of deformable-solid mechanics. The formulation revisits deformable cable elements within the FEM framework, 

assembles multi-material line segments into a unified model, and incorporates environmental loading effects, 

resulting in numerically stable simulations that provide instantaneous line geometry and tension profiles at each 

time step. Validation studies covering shallow, intermediate, and deep waters under various fairlead motion 

regimes demonstrate that DynCat maintains good accuracy under low-to-moderate motion conditions. Although 

its performance deteriorates under highly dynamic deep-water conditions, DynCat remains accurate and robust 

within the operational envelope of shallow-to-intermediate water depths and low-to-moderate motion intensities, 

with simulation time reductions of 60–70% compared to conventional FEM approaches. This makes DynCat a 

promising tool for preliminary design and time-constrained analyses. 
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1  Introduction 

 Offshore oil exploration poses considerable technical challenges to the structural design and operation of 

floating units. Mooring lines are critical structural elements for the stability and station-keeping of floating units, 

transmitting restoring forces that limit undesired displacements induced by environmental loads. To address the 

nonlinear behavior of mooring lines — governed by installation geometry, material properties, and the magnitude 

of dynamic loads — two distinct modeling approaches can be adopted: catenary models, which are computationally 

efficient but less accurate representations of the physical problem; and numerical models based on the Finite 

Element Method (FEM), such as those implemented in the DOOLINES framework [1], which provide higher 

accuracy at the expense of greater computational cost. Numerous efforts have been made to combine physical 

representativeness with low computational cost, leading to the development of models that employ time integration 

algorithms — such as the Local Discontinuous Galerkin (LDG-FEM) [2] and Lumped Mass (LM-FEM) [3] 

formulations for dynamic analyses, and the Piecewise Extrapolation Method (PEM) [4,5] for quasi-static (QS) 

simulations — as well as QS models that avoid time integration, such as the Quasi-Dynamic model [6]. In this 

context, a QS model free for time integration algorithms is proposed — offering a more realistic dynamic 

representation than classical catenaries while being less computationally demanding than FEM. The Dynamic 

Catenary (DynCat) method is a hybrid approach that combines the analytical simplicity of the classical catenary 

with a stable dynamic representation, incorporating the primary inertial and drag effects in a homogenized manner. 
The proposed methodology is structured in the following stages: a) Cable structures under general loadings 

formulation; b) Kinematic analysis of the line; c) Modeling of dynamic actions and their incorporation into the 

structural model, ensuring numerical stability, and; d) Reconstruction of the line, enabling its dynamic simulation. 
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2  Methodology 

 The proposed methodology models the mooring line as a system of elastic cables in a catenary configuration, 

subdivided into segments with distinct physical properties. The adopted formulation builds upon the cable structures 

under general loadings theory, developed by Abad et al. [7], enabling the consideration of segments with distinct 

axial stiffnesses, linear mass densities, and hydrodynamic coefficients. The simulation advances incrementally in 

time, starting from kinematic estimates derived from a sequence of deformable static states, updated according to 

the fairlead motion, enabling the computation and incorporation of dynamic actions into the structural model. The 

flowchart presented in Fig. 1 describes the incremental process over time. 

 

Figure 1. Flowchart of the DynCat formulation. 

2.1 Formulation of cable structures under general loads adapted 

 The mooring line is represented as a sequence of elastic cable elements subjected to horizontal and vertical 

distributed loads (Abad et al. [7]), as illustrated in Fig. 2a. Each mooring line segment is subdivided in cable 

elements which are represented as a tension-only structural element, free of bending, shear and torsional stiffness, 

with constant properties along its length. Figure 2b shows the free‑body diagram of a element subjected to generic 

loadings, with undeformed length 𝑙0,𝑘 and axial stiffness 𝐸𝐴𝑘. 

          
 (a) (b) 

Figure 2. Mooring line with “𝑛” elements subjected to generic forces (a) and cable element 𝑘 (b). 

 Each element is defined by the coordinates of its end points in the Cartesian 𝑥1 and 𝑥2 directions, with ∆𝑙1,𝑘 

and ∆𝑙2,𝑘 variations (also referred as ∆𝐻𝑘  and ∆𝑉𝑘 , respectively). Continuity between elements is ensured by 

imposing compatibility of the nodal forces. The force at the initial end of element 𝑘 must be equal the force at the 

final end of the preceding element 𝑘 − 1, such that 

 𝑓𝑖,𝑘 = 𝑓𝑖+2,𝑘−1,      𝑖 = 1 … 2, (1) 

and the equilibrium requires that: 
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 𝑓𝑖+2,𝑘 = −(𝑓𝑖,𝑘 + 𝑤𝑖,𝑘𝑙0,𝑘),      𝑖 = 1 … 2. (2) 

 The force components can be generalized to the global mooring-line structure and to the undeformed arc 

length of any section of element 𝑘 (𝑠𝑘), according to the equation 

 𝑓𝑖,𝑘(𝑠𝑘) = −(𝑓𝑖 + ∑ (𝑤𝑖,𝑗𝑙0,𝑗)𝑘−1
𝑗=1 + 𝑤𝑖,𝑘𝑠𝑘),      𝑖 = 1 … 2. (3) 

 Thus, the tensile force magnitude in element k follows: 

 𝑇𝑘(𝑠𝑘) = √∑ (𝑓𝑖 + ∑ (𝑤𝑖,𝑗𝑙0,𝑗)𝑘−1
𝑗=1 + 𝑤𝑖,𝑘𝑠𝑘)

22
𝑖=1 ,      𝑖 = 1 … 2. (4) 

 Noting that each element 𝑘 implies a variation in the positions of its end points in the Cartesian directions, it 

follows that the variation between the end points of a element is given by 

 ∆𝑙𝑖,𝑘 = −
𝑙0,𝑘𝑓𝑖,𝑘

𝐸𝐴𝑘
−

𝑙0,𝑘
2 𝑤𝑖,𝑘

2𝐸𝐴𝑘
+

1

𝑊𝑘
3 [𝑊𝑘𝑤𝑖,𝑘(𝑇1,𝑘 − 𝑇2,𝑘) + (𝑊𝑘

2𝑓𝑖,𝑘 − 𝐹𝑘𝑤𝑖,𝑘) 𝑙𝑛 (

𝐹𝑘
𝑊𝑘

+𝑇1,𝑘

𝑙0,𝑘𝑊𝑘+
𝐹𝑘
𝑊𝑘

+𝑇2,𝑘

)],  (5) 

in which 𝑊𝑘 = (∑ 𝑤𝑗,𝑘
22

𝑗=1 )
1/2

, 𝐹𝑘 = ∑ 𝑓𝑗,𝑘𝑤𝑗,𝑘
2
𝑗=1 , 𝑇1,𝑘 = 𝑇𝑘(0), 𝑇2,𝑘 = 𝑇𝑘(𝑙0,𝑘) and 𝑖 = 1 … 2. 

 Based on the variation of the position of any element 𝑘 in a Cartesian direction 𝑥𝑖, it follows that these 

variations compose the predefined projections 𝑙1 and 𝑙2 (𝐻 and 𝑉, respectively), such that: 

 𝑙𝑖 = ∑ ∆𝑙𝑖,𝑘
𝑛
𝑘=1 ,      𝑖 = 1 … 2 (6) 

 Equation (6) for indices 𝑖 = 1 … 2 has as unknowns the horizontal (𝑓1) and vertical (𝑓2) forces in the line 

applied at the initial end of element 𝑘 = 1, resulting in a nonlinear system of equations solvable by numerical 

procedure, such as the Newton–Raphson method. Once 𝑓1 and 𝑓2 are determined, the tensile force 𝑇𝑘 is defined by 

eq. (4) and the line geometry follows the equation 

𝑙𝑖,𝑘(𝑠𝑘) =
1

𝑊𝑘
3 [𝑊𝑘 𝑤𝑖,𝑘 (𝑇1,𝑘 − 𝑇𝑘(𝑠𝑘)) + (𝑊𝑘

2𝑓𝑖,𝑘 − 𝐹𝑘𝑤𝑖,𝑘) ln (
𝐹𝑘 𝑊𝑘⁄ + 𝑇1,𝑘

𝑠𝑘𝑊𝑘 + 𝐹𝑘 𝑊𝑘⁄ + 𝑇𝑘(𝑠𝑘)
)] −

𝑠𝑘𝑓𝑖,𝑘

𝐸𝐴𝑘

−
𝑠𝑘𝑤𝑖,𝑘

2𝐸𝐴𝑘
+ ∑ ∆𝑙𝑖,𝑗

𝑘−1

𝑗=1
,      𝑖 = 1 … 2 

(7) 

 Thus, the necessary parameters are determined and the line is defined and spatially discretized at each time 

instant 𝑡 based on the applied loads and geometry corresponding to the fairlead position, whose trajectory 𝐻(𝑡) and 

𝑉(𝑡) is predefined throughout the simulation. 

2.2 Kinematic analysis of the line 

 Once the mooring-line geometry is established for a given time instant, and the prescribed fairlead kinematics 

— namely its position, velocity, and acceleration components — are known, it becomes possible to determine the 

velocity and acceleration fields along the mooring line. These fields are essential to account for inertial and 

hydrodynamic effects in the proposed model. 

 Considering the horizontal and vertical projections of the line as functions of time, 𝐻(𝑠, 𝑡) and 𝑉(𝑠, 𝑡), defined 

along the undeformed line length 𝑠, the local velocities and accelerations in the 𝑥 and 𝑦 directions can be obtained 

by the following equations: 

 
𝑑𝐻

𝑑𝑡
=

𝜕𝐻

𝜕𝑓𝑥

𝑑𝑓𝑥

𝑑𝑡
+
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𝑑𝑓𝑦

𝑑𝑡
 (8) 
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+

𝜕𝑉

𝜕𝑓𝑦
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𝑑𝑡
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2
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2 (

𝑑𝑓𝑦

𝑑𝑡
)

2

+
𝜕𝐻

𝜕𝑓𝑥
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𝑑𝑡2 +
𝜕𝐻

𝜕𝑓𝑦

𝑑2𝑓𝑦

𝑑𝑡2  (10) 
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 As the line projections result from the adapted cable-element equations — which depend on the tensile 

components at each end —, their time derivatives, and therefore the rates of change of 𝑓𝑥 and 𝑓𝑦 , are not directly 
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accessible. To overcome this limitation, an indirect strategy is adopted: as the fairlead’s velocities and accelerations 

are prescribed, the adapted cable-element equations are differentiated and, by evaluating them at the fairlead, a 

system of eqs. (8)-(11) is assembled to obtain the time derivatives of the horizontal and vertical tensile forces. 

Applying these derivatives along the line produces the velocity and acceleration profiles for each section 𝑠 of the 

line (Fig. 3), reflecting the structure’s instantaneous elastic response to the imposed fairlead kinematics. 

 

Figure 3. Velocity or acceleration profile along the line, resulting from the fairlead’s imposed kinematics. 

2.3 Dynamic loads 

 Fluid–structure interaction forces are obtained using Morison’s formulation [8], originally developed to 

describe the horizontal force on a vertical cylinder fixed to the seabed and extending to the free surface under wave 

and/or current action. However, Morison’s original formulation does not accurately capture mooring-line behavior 

under dynamic loading, where flow is typically oblique to the curved element axis. To account for this, the Morison 

force model as presented by Chakrabarti [9] is adopted. Thus, the equation in its most general form is described as: 

 {𝑑𝑓𝑎} =
1

2
𝜌𝐶𝑑

𝑛𝑑𝐴𝑛𝑣𝑛|𝑣𝑛|{𝑛̂} +
1

2
𝜌𝐶𝑑

𝑡𝑑𝐴𝑡𝑣𝑡|𝑣𝑡|{𝑡̂} + 𝜌𝐶𝑚𝑑𝑉{𝑣̇}. (12) 

Furthermore, the differential inertial force of the cable itself {𝑑𝑝} for a discretizing line element 𝑑𝑙, is obtained by 

the equation 

 {𝑑𝑝} = −{𝑎}𝐴𝜌𝑑𝑙. (13) 

 Once the drag and inertial terms from Morison’s formulation and the cable’s own inertial force at each node 

are discretized, the horizontal and vertical dynamic loads 𝑤1,𝑘  and 𝑤2,𝑘  along each element 𝑘 from the 

heterogeneous mooring line can be obtained, respectively, from the following eqs.:  

 𝑤1,𝑘 =
∑ 𝐹𝑥,𝑘

𝑙0,𝑘
≥ 0; (14) 

 𝑤2,𝑘 =
∑ 𝐹𝑦,𝑘

𝑙0,𝑘
− 𝑤0,𝑘 ≤ −0.2 𝑚𝑖𝑛({𝑤0}), (15) 

in which {𝑤0} is the submerged linear weight vector of each element 𝑘. This procedure not only incorporates the 

dynamic loads into the mathematical model but also mitigates numerical instabilities during the dynamic simulation, 

which could occur due to an instantaneous geometric inversion of a line element caused by a sudden reversal in 

load direction or by predominantly horizontal loads causing loss of the catenary shape, as noted by Trubat [10]. 

3  Results 

 To evaluate DynCat’s performance, case studies were conducted in which its results were compared to those 

obtained with the reference DOOLINES framework — a widely used tool for nonlinear, static, and dynamic 

analyses of offshore structures such as risers and mooring lines (Silveira et al. [1]). At this stage of the study, three 

depth scenarios — shallow, intermediate, and deep — are considered, in the absence of waves and currents, with 

prescribed fairlead kinematics (scenarios “a”, “b” and “c” in Fig. 4, respectively) and with line properties detailed 

in Tabs. 1, 2 and 3. 
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 (a) (b) (c) 

Figure 4. Shallow (a), intermediate (b) and deep (c) water scenarios. 

Table 1. Properties of mooring line segments according to material type. 

Type Segment EA [kN] Diameter [m] 𝑤0 [kN/m] 𝐶𝑑
𝑛 𝐶𝑑

𝑡 𝐶𝑚
𝑡  𝐶𝑚

𝑡  

Chain A, C, E and G 1164903 0.12 2.439 2.4 1.15 2.0 1.0 

Polyester B, D and F 222113 0.225 0.0833 1.6 0.008 2.0 1.0 

Table 2. Lengths of line segments in meters. 

Scenario A B C D E F G 

a 30.00 120.00 10.00 - - - - 

b 150.00 600.00 20.00 600.00 300.00 - - 

c 350.00 839.10 10.00 888.46 10.00 888.46 177.65 

Table 3. Number of cable elements by segments. 

Scenario A B C D E F G 

a 30 24 10 - - - - 

b 15 30 2 30 30 - - 

c 43 83 1 89 1 89 19 

  

 In this parametric study, fairlead excitations are independently applied in the 𝑥 and 𝑦 directions, in according 

to the general operability limitation criteria for floating units from NORDFORSK [11], in the form 

 𝑙𝑖(𝑡) = 𝑙𝑖,𝑚 + ∆𝑙 𝑠𝑖𝑛(𝜔𝑡), (16) 

in which 𝑙𝑖 represents the projection at time 𝑡, 𝑙𝑖,𝑚 is the mean projection and ∆𝑙 is the amplitude in the horizontal 

or vertical direction, while 𝜔 is the oscillation frequency defined based on ∆𝑙 varying from 0 to 10 m horizontally 

and 0 to 4 m vertically, respecting the kinematic limits presented by NORDFORSK [11]. Figures 5 and 6 show the 

results of the comparative analysis between DynCat and the reference DOOLINES framework [1] in terms of mean 

relative error, using time integration steps of ∆𝑡 of 0.10 s and 0.5∆𝑡𝑐𝑟𝑖𝑡, respectively. 

 
Figure 5. Mean relative errors of the fairlead tensions for the vertical parametric study per scenario. 



Dynamic Catenary: A Simulation Model for Heterogeneous Mooring Lines 

CILAMCE-2025 

Proceedings of the joint XLVI Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC  

Vitória, Brazil, November 24-27, 2025 

 

 

Figure 6. Mean relative errors of the fairlead tensions for the horizontal parametric study per scenario. 

 DynCat’s results show good accuracy in the shallow-water scenario (a), with few cases exceeding mean 

relative errors of 1% for fairlead accelerations above 1 m/s². However, in the intermediate and deep water scenarios, 

mean relative errors surpass 1% once the fairlead’s horizontal and vertical excitations reach average accelerations 

above 0.30 m/s². 

 Next, DynCat is applied to scenario (c) and its results are compared with DOOLINES [1], using horizontal 

and vertical fairlead excitations shown in Fig. 7, which represent a kinematic behavior of offshore mooring systems, 

corresponding to maximum accelerations of 0.31 and 0.52 m/s², respectively. The resulting tensile force histories 

along the line are shown in Fig. 8. 

 

Figure 7. Horizontal (left) and vertical (right) kinematic prescription. 

 
Figure 8. Tensile force histories at the fairlead, at the mid-line node, and at the anchor. 
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 The DynCat formulation shows good agreement with DOOLINES [1], with maximum and mean relative 

errors of 9.5% and 1.0%, respectively, indicating that the model remains accurate for accelerations up to 

approximately 0.30 m/s² in deep-water scenarios. Moreover, the DynCat formulation yields a significant reduction 

in simulation time, ranging from 65.2% to 69.9%. 

4  Conclusions 

 The DynCat methodology was developed based on cable structures under general loadings formulation to 

efficiently represent the dynamics of mooring lines in a catenary configuration. The results showed good agreement 

with DOOLINES in shallow water scenarios and limited performance in intermediate and deep waters, while also 

achieving a significant reduction in computational time — up to 70%. These findings underscore the model’s 

potential as a practical and efficient tool for preliminary mooring-system analyses, offering a favorable balance 

between accuracy and computational cost. Future work should focus on enhancing the modeling of dynamic loads 

and considering wave and current loads to improve the model’s robustness and applicability under more severe 

operational conditions. 
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