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3Center of Research Leopoldo Américo Miguez de Mello, PETROBRAS
Av. Horácio Macedo, 21941-915, Rio de Janeiro, Brazil
anderson.oshiro@petrobras.com.br, mauro@petrobras.com.br

Abstract. Structural optimization of mooring systems is an effective strategy for reducing design effort and cost
in the offshore industry. This study builds on previous work that introduced efficient optimization methodologies.
Here, we extend the approach to a practical goal: minimizing the total length of the mooring system while satisfy-
ing performance and geometric constraints. Using the Equivalent Static Analyses (ESA) methodology proposed by
Domingos et al. (2023), the optimization framework allows each mooring line to vary independently in total length,
horizontal projection (fairlead-to-anchor distance), and azimuthal orientation. This design flexibility enables the
exploration of a broader design space while complying with the physical and operational constraints of offshore
systems. By integrating these variables and leveraging the computational benefits of earlier research, the method
produces optimized mooring layouts that are computationally efficient and readily applicable to practical offshore
engineering scenarios. The resulting configurations reached the lower bounds on line lengths while satisfying all
design criteria, demonstrating the method’s capability to achieve effective layouts under realistic constraints.
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1 Introduction

This work builds upon previous research to develop an optimization tool intended to support professionals
in the design of offshore mooring systems. The tool aims to reduce reliance on manual trial-and-error procedures
through embedding key performance and operational criteria directly into the optimization formulation. By do-
ing so, it enables designers to systematically explore viable solutions while accounting for complex real-world
constraints.

To demonstrate the capabilities of the proposed framework, this study explores an example in which each
mooring line is allowed to vary – within adjusted and realistic design bounds – in total length, horizontal projection
(fairlead-to-anchor distance), and azimuthal orientation. This adds flexibility and expands the design space while
promoting more efficient, performance-driven layouts, while maintaining operational integrity.

In contrast to Pillai et al. [1], who employed a multi-objective approach to minimize both material cost and
cumulative fatigue damage in a similar problem, this work focuses on minimizing the total length of the mooring
system while allowing the algorithm to autonomously determine the anchor positions on the seabed. While Cruces
Girón et al. [2] and Monteiro et al. [3] addressed the integrated design of mooring and riser systems from scratch,
do Prado et al. [4] introduced an optimization approach based on metamodels to improve computational efficiency.
Similarly, both Domingos et al. [5] and the present work employ metamodel-based optimization; however, whereas
Domingos et al. [5] focused on the repositioning of an existing floating production unit, the current study targets
the initial design of a mooring system.

The optimization formulation considers a comprehensive set of constraints related to operation, maintenance,
safety, good practices, and life-cycle management. The evaluation of candidate configurations relies on the Equiv-
alent Static Analyses (ESA) methodology introduced by Domingos et al. [5], which substantially reduces the
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computational cost of the optimization process. To ensure accuracy and reliability, all ESA results are validated
through dynamic analyses (DA), using the proprietary simulation software DYNASIM [6, 7], ensuring consistency
with the dynamic behavior of the moored system.

2 Optimization model

All optimization routines were implemented in the Julia programming language (Bezanson et al. [8]), using
the NLopt optimization library (Johnson [9]). The studied model was the same submersible with 8 mooring lines
(1–8) and 17 risers (9–25) explored by Domingos et al. [5], as seen in Fig. 1(a).

Figure 1. Studied model in (a) original and (b) optimized configuration along with the upper and lower bounds for
azimuth and horizontal distance for each line (red annular sectors)

The optimization model is defined mathematically as follows, with each component explained in the subse-
quent subsections.

min
L,HDist,Az

f(L,HDist,Az) =
N∑
l=1

Ll

L0
l

subject to Hull(∆) ≤ Hull(SAFOP)
HeadingL ≤ Heading ≤ HeadingU

T ECs
i

MBLi
≤ TMBLMaxRatioi

TopAngVarLi ≤ TopAngi − TopAng0i ≤ TopAngVarUi

LRatioLi ≤
Li

L0
i

≤ LRatioUi

HDistRatioLi ≤
HDisti
HDist0i

≤ HDistRatioUi

AzVarLi ≤ Azi −Az0i ≤ AzV arUi

with i = 1...N , where N is the number of optimized mooring lines.

(1)

2.1 Design variables

The design variables of the problem are the total lengths (L), the horizontal distances (HDist) between
fairlead and anchor and the azimuthal orientations (Az) for the set of optimized mooring lines.
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2.2 Objective function

The model aims to minimize the total length of the mooring system, using an initial configuration – typically
defined by an expert based on their experience – as a reference. The algorithm then searches for a feasible solution
that reduces overall material usage.

2.3 Set of constraints

The constraints are defined as follows: the first ensures compliance with SAFOP (Safe Operational Zone for
the risers), limiting the envelope of vessel displacements (Hull(∆)) to within acceptable bounds; the next restricts
the equilibrium heading of the production unit to within specified limits, for operational reasons. A third constraint
requires that line tensions remain below a specified percentage of their Minimum Breaking Load (MBL) under
all environmental conditions, in accordance with standard regulations. Additionally, the top angle of each line in
equilibrium must not deviate (in either direction) from its initial value by more than the prescribed range. Finally,
box constraints limit the variation of design variables within specified bounds.

For this work, we specified SAFOP the same way as Domingos et al. [5], defined the limit for maximum
tension as TMBLMaxRatio = 0.6 and prescribed lower and upper limits for vessel heading as HeadingL =
90◦ and HeadingU = 92◦, for maximum top angle variation as −TopAngVarL = TopAngVarU = 1◦,
for variation in total lengths as LRatioL = 0.90 and LRatioU = 1.50, for variation in horizontal distance as
HDistRatioL = 0.85 and HDistRatioU = 1.15, and for azimuth variation as −AzVarL = AzVarU
= 5◦.

3 Equivalent Static Analyses

The Equivalent Static Analyses (ESA) methodology proposed by Domingos et al. [5] is used in this model.
In this method, loads are treated as permanent, and the goal is to find the system’s equilibrium under static loads.
This is achieved via an internal procedure in DYNASIM (Nishimoto et al. [6]; Fucatu et al. [7]). A key step in
defining the static model is the calibration of a penalty factor k, determined by comparing displacement fields from
both dynamic and static analyses using the initial model. The factor k is chosen so that the peak magnitudes of the
displacements match, improving alignment between the two models. In this work, k = 1.25.

Although this penalization does not yield a perfect match, it performs adequately for extreme scenarios such
as the one studied here. The final step in constructing the static model involves selecting critical environmental
load cases. Since only a subset of all possible combinations produces displacements that activate optimization
constraints, a filtering strategy is used to retain only the most critical cases.

4 Results

The tool solved the problem in around 17 minutes of wall-clock time using a Windows 11 64-bit operating
system, an Intel i7-12700H CPU and 16 GB of installed RAM. All the constraints were satisfied at the end of the
optimization, whose result was validated via Dynamic Analyses using all the original environmental conditions for
the model.

As can be seen in Fig. 2, the total lengths of the mooring lines were optimized to their respective lower bound
values, resulting in a 10% reduction in the total length of the mooring system. The horizontal distances were close
to their lower bounds while remaining within the box constraints. This result contributed to reducing the mooring
line lengths – optimized to their lower limits – while still satisfying the top angle constraint and ensuring a balanced
tension distribution throughout the mooring system. The azimuths also remained within their bounds, contributing
significantly to load distribution and SAFOP compliance.

The distribution of the final anchor points in the optimized scenario, shown in Fig. 2, is also visible in Fig.
1(b). It is important to note that the model calibration was performed manually, and in the optimized configuration
Line 2 appears to be positioned slightly too close to Riser 24. In this case, the algorithm simply follows the defined
input; therefore, if the result is considered unsuitable, the user must adjust the calibration and rerun the model to
obtain a revised solution.
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Figure 2. Design variables values before (purple circles) and after (green diamonds) optimization, along with their
specified upper (blue line) and lower (red line) bounds. Since this example had 8 mooring lines, 24 design variables
were considered, with results (a) corresponding to total lengths (design variables 1–8), (b) to horizontal distances
(design variables 9–16) and (c) to azimuthal orientations (design variables 17–24)

5 Conclusions

The main objective of this work was to test the proposed optimization tool on a more complex task and assess
its ability to automatically find valid and efficient solutions. The results demonstrate that the tool successfully
identified a final configuration satisfying all constraints across environmental conditions while reducing the total
mooring length. This was achieved in a fraction of the time typically required by conventional design practices.
The strategy significantly reduces reliance on manual trial-and-error procedures and offers a robust, rapid-response
solution for field applications. Furthermore, the proposed approach is flexible and can be extended to alternative
objective functions, constraint sets, and more complex design tasks.
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