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ABSTRACT

Integrated Multi-Trophic Aquaculture (IMTA) systems incorporate species from different trophic levels to
promote sustainability through nutrient recycling and reduced environmental impact. This study presents a
numerical investigation of the structural response of an IMTA system developed by the University of New
Hampshire for potential deployment in the Gulf of America (Gulf of Mexico). The system’s behavior under
site-specific environmental conditions—including steady currents and 1-year and 50-year return period
storms—is simulated using Hydro-FE, a dynamic fluid-structure interaction tool integrated with the Hexagon
Marc solver. Mooring line tensions and safety factors are evaluated to assess their performance under extreme
loading. It is shown that stresses in structural components can be evaluated, offering a basis for future fatigue
and lifecycle assessments.
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1 INTRODUCTION

Amid growing population pressures and climate change, marine aquaculture has emerged as a key strategy for
ensuring food security. Intensive aquaculture practices have raised concerns due to their significant
environmental and social impacts. To address these challenges, sustainable approaches such as Integrated
Multi-Trophic Aquaculture (IMTA) have been proposed to promote a more eco-efficient and socially
responsible aquaculture industry (Alexander et al., 2016; Sara et al., 2018). In IMTA systems, uneaten feed
and waste products from one species are recovered and utilized as inputs—such as feed or fertilizer—for
another species, enhancing overall profitability and reducing environmental impact. One practical example is
the IMTA system developed by the University of New Hampshire for deployment in the Gulf of America (Gulf
of Mexico), designed to sustainably cultivate 4,000 red drum (Sciaenops ocellatus) as the fed species integrated
with eastern oysters (Crassostrea virginica) and graceful red seaweed (Gracilaria tikvahiae) promoting
nutrient recycling and minimizing environmental footprint (Chambers et al., 2024).
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Figure 1: Integrated Multi-Trophic Aquaculture (IMTA) system with suspended oyster baskets.

In this paper, we analyse the structural performance of an IMTA system AquaFort schematically shown in
Fig. 1. Potentially, the system can be deployed as two fish cages with oyster baskets suspended from the side
and containing Crassostrea virginica and Gracilaria tikvahiae. Such an arrangement will not make it nitrate-
neutral but can be utilized as part of a larger aquaculture system with more shellfish and macroalgae to
approach 0% nitrate impact. For the numerical modeling presented in this paper, only the fish growing
arrangement (a buoyant frame with suspended fish containment without oyster baskets) is analyzed. The
system is considered for deployment at an 11.25 m deep site in the Gulf of America (Gulf of Mexico) southeast
of Dauphin Island in the state waters of Alabama. The rest of the paper is organized as follows. Section 2
describes the system, its mooring, and the considered loading conditions. Section 3 presents the numerical
model. Section 4 discuss the results of the simulations. The conclusions are given in Section 5.

2 AQUAFORT AND ENVIRONMENT CONDITION

The floating structure, IMTA AquaFort, includes two fish containment sections, as shown in Fig. 2. The frame
is constructed of high-density polyethylene (HDPE) pipes along with expanded polystyrene (EPS) billets for
flotation. The billets are made of EPS foam wrapped in a rotationally molded linear low-density polyethylene
(LLDPE) shell with a nominal thickness of 3.81 mm. The walkway, 25.4 mm thick fiberglass reinforced plastic
(FRP) decking plates have been used. Railing and the supporting stanchions are made of HDPE. The nets are
attached to the railing above the water. The net system consists of two net materials: the bottom portion is
made of copper (Cu) net, and the upper portion is made of polyethylene terephthalate (PET), divided by the
middle net frame made of HDPE.

Fig. 2 presents the schematic of the mooring system considered for deployment of the IMTA in 11.25 m of
water depth at the site. The mooring system consists of four main components: anchor chains, mooring lines,
mooring plates, and bridle lines. The system includes four 18.3 m long mooring chains made of 19 mm long
links connected to the mooring lines. Each mooring line is connected to two bridle lines through a mooring
plate. For both the mooring and bridle lines, 12-strand polysteel rope is used—40 mm in diameter for the
mooring lines and 32 mm for the bridle lines. The anchor chains are made of galvanized steel, providing the
highest stiffness at 180 GPa. The geometric and material properties of the mooring system components are
given in Section 3.
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Figure 2: IMTA mooring configuration.

Three load cases for the selected site were considered: a steady-state current-only scenario, and dynamic sea
states corresponding to 1-year and 50-year return period storms. Tab. 1 summarizes the environmental loading
parameters applied in the numerical analysis of the AquaFort. To model waves, we utilized the JONSWAP
wave spectrum (Hasselmann et al., 1973) corresponding to a frequency range of 0.01-0.31 Hz. The waves and
current both are assumed to act in the northward direction in the both 1-year and 50-year storm conditions
based on the site data (Kelson Marine, 2023).

Table 1: Environmental loading parameters used in the IMTA numerical analysis

Load parameters Current-only 50-year storm condition 1-year storm condition
Current (ms™1) 0.48 0.48 0.36
Significant wave height (m) - 53 3.1
Peak wave period (s) - 10.4 8.9

3 NUMERICAL MODEL

The IMTA frame components and net frame are modeled as 3-d beam elements, while the mooring system is
modeled using 3-d truss elements. The equivalent area was defined to ensure accurate estimation of
hydrodynamic forces—such as drag and inertia—as well as hydrostatic buoyancy. The net components are
modeled using the consistent net element technique (Tsukrov et al., 2003) for both PET and Cu netting. The
finite element (FE) model parameters used in the simulation are described in Tab. 2, and the model is shown
in Fig. 3.



The structural response of the system to the considered load cases was analysed using Hydro-FE, a dynamic
fluid-structure interaction software integrated with the Hexagon Marc solver (Drach, 2015; Knysh et al., 2021)
for the three loading conditions described in Tab. 1. Hydro-FE builds upon and modernizes the proven
methodology of the Aqua-FE program—originally developed at the University of New Hampshire (Gosz et
al., 1996; Tsukrov et al., 2000; Fredriksson et al., 2003)—for analysing partially or fully submerged flexible
structures in marine environments. The hydrodynamic forces acting on the AquaFort components in the
presence of waves and currents are expressed with a Morison equation approach (Morison et al., 1950). It was
initially developed for cylindrical-shaped piles and later expanded to the case of moving cylinders (Goodman
and Breslin, 1976).

The normal, dF, , and tangential, dF;, projections of the force exerted on a differential section dL
are:
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where u,, and v,, are the normal projections (perpendicular to the cylinder axis) of the fluid and body velocities,
respectively, associated with the section dL . Similarly, u; and v; are the components of fluid and body
velocities aligned tangentially (parallel to the cylinder axis), relevant to the tangential drag force. C; and C;
are the normal and tangential drag coefficients. p,, is the water density, and C, is the added mass coefficient.
dA, and dA; denote the normal and tangential projected areas, respectively.

Table 2: Structural and material parameters for FE modeling of the IMTA system

. Modqlqs of  Equivalent No. of
AquaFort Components Material Elasticity Area Elements Element Type
(GPa) (m?)

Outer pipe HDPE 1.07 8.24E-02 101 2-node, 3-d, beam
Inner pipe HDPE 1.07 8.24E-02 113 2-node, 3-d, beam
Transverse beam HDPE 1.07 5.88E-03 247 2-node, 3-d, beam
Transverse beam center HDPE 1.07 1.16E-02 13 2-node, 3-d, beam
Transverse beam ES HDPE 1.07 5.33E-03 180 2-node, 3-d, beam
Stanchions part 1 HDPE 1.07 1.27E-02 24 2-node, 3-d, beam
Stanchions part 2 HDPE 1.07 1.69E-02 64 2-node, 3-d, beam
Stanchions part 1_center HDPE 1.07 1.40E-03 8 2-node, 3-d, beam
Longitudinal beam HDPE 1.07 5.08E-03 275 2-node, 3-d, beam
Railing HDPE 1.07 1.03E-02 40 2-node, 3-d, beam
Plate left & right A-Glass Fiber 69 3.04E-02 30 2-node, 3-d, beam
Plate front & back A-Glass Fiber 69 2.68E-02 54 2-node, 3-d, beam
Plate center A-Glass Fiber 69 2.61E-02 20 2-node, 3-d, beam
Billet EPS Foam 0.51 2.22E-01 56 2-node, 3-d, beam
Briddle line Poly steel 12-strand 3.19 5.10E-04 64 2-node, 3-d, truss
Mooring line Poly steel 12-strand 32 7.76E-04 120 2-node, 3-d, truss
Anchor chain Galvanized Steel 180 9.21E-04 44 2-node, 3-d, truss
Cu net vertical twine Copper 117 3.02E-04 204 Net element

Cu net horizontal twine Copper 117 2.27E-04 156 Net element

PET net vertical twine PET 3.14 2.69E-04 182 Net element

PET net horizontal twine ~ PET 3.14 1.96E-04 144 Net element

Net frame HDPE 1.07 6.21E-03 96 2-node, 3-d, beam
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Figure 3: Finite element model of the IMTA system with mooring configuration, with the inset showing the
finite element selected to illustrate variation of stress.

In the numerical modeling of the AquaFort structure, drag coefficients for cylindrical segments were assigned
as C; = 1.2 and C; = 0.08 for both truss and beam elements (Knysh et al., 2021). Note that, these coefficients
can be adjusted based on Reynolds number, but such an adjustment was not used in the present simulations.
For the net elements, appropriate steps were taken to ensure accurate representation of drag and inertia forces
by adopting the consistent net element formulation proposed by Tsukrov et al. (2003). This formulation
balances the equivalent projected area used for drag force calculation with the actual volume required for
accurate inertia force representation.

4 RESULTS

The dynamic response of the IMTA system under different environmental conditions was investigated to
evaluate structural behaviour and mooring performance. Fig. 4 illustrates the system's motion by presenting
the maximum deformed configurations under three conditions: current-only, 1-year storm, and 50-year storm.

(a) (b) (c)
Figure 4: Examples of the deformed shape of the AquaFort structure under (a) current-only, (b) 1-year storm,
and (c) 50-year storm conditions.

Fig. 5 presents the time history of mooring line tensions for storm cases. Simulations start from the
undeformed configuration, but the initial transient response is excluded from the plots. Mooring line tensions
were calculated by multiplying the longitudinal stresses in the mooring components by the corresponding
cross-sectional area. The highest recorded tension, 137 kN, occurred in the south mooring line during the 50-
year storm scenario, consistent with the assumed northward direction of both wave and current forces.



50

Eastern ML (max 7 kN)
Western ML (max 8 kN)

Eastern ML (max 19 kN)
Western ML (max 18 kN)

South ML (max 46 kN)
North ML (max 10 kN)

South ML (max 137 kN)

40 North ML (max 29 kN)

30

TIkN]

o
20 1% el
~

' A 1 i i
AU TP A A A AR A AVORATIN | T 201, 4
OO0 ﬁv L RLR S RN e Ul ] AR ,Jl JL
0 UL B e L N WAL 0L VRSPV 0 M T S
10 5;0 1(‘)0 1‘50 2(‘)0 230 : : 20 5‘0 1(;[) 1;0 2(;0 2;0 3(;0 3“50 400
tls ts
(a) (b)

Figure 5: Tension time series of mooring lines (MLs) under the storm conditions with return period of
(a) 1 year, and (b) 50-year.

For the 40 mm polysteel 12-strand mooring line, which has a minimum breaking load (MBL) of 274 kN, the
resulting safety factors were approximately 6 under the 1-year storm and 2 under the 50-year storm, as shown
in Tab. 3. These values remain within acceptable design thresholds but highlight the increasing demand placed
on the structure under extreme loading.

Table 3: Mooring line tension and safety factor under different loading condition

Loading condition Maximum mooring tension (kN) Mooring line MBL (kN)  Safety factor
Current only 6 274 46
1-Year storm 46 274 6
50-Year storm 137 274 2

Fig. 6 illustrates the time history of stress in a typical HDPE pipe component extracted from the simulation of
the 50-year storm. The stress variations in time can be used to predict the component’s strength and fatigue
life and, thus, to size components and evaluate their safety factors. Such a detailed structural analysis is outside
of the scope of this paper and will be published separately.
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Figure 6: Variation of stress with time for 50-year storm at point A of the selected pipe component:
(a) longitudinal stress (o, ), (b) equivalent Von-Mises stress(0y,;,).



S CONCLUSIONS

This study presents a numerical investigation of IMTA AquaFort using finite element modeling in hydro-
dynamic software Hydro-FE. The simulations were conducted for site-specific loading scenarios, including
current-only, 1-year, and 50-year storm conditions of the site, and captured the dynamic mooring tension
responses. Results showed that the mooring tensions remained within safe design limits, with adequate safety
factors across all simulated conditions.

In addition, it was shown that the simulation can be used to extract the stress history in the structural
components of the IMTA frame. This information can be used to perform the fatigue analysis, identify
structurally critical components, and estimate the life span and safety factors.

ACKNOWLEDGEMENTS

The authors acknowledge the support of the Gulf States Marine Fisheries Commission under project
NA20NMF4540293, the Northeast Regional Aquaculture Center (University of Maryland) under project
20203850032716/123463-725220210, and a gift made by the Emily Landecker Foundation.

References

K. A. Alexander, D. Angel, S. Freeman, D. Israel, J. Johansen, D. Kletou, et al. Improving sustainability of
aquaculture in Europe: stakeholder dialogues on Integrated Multi-trophic Aquaculture (IMTA).
Environmental Science & Policy, 55, 96—106, 2016. ISSN 1462-9011. doi: 10.1016/j.envsci.2015.09.006.

M. Chambers, M. Coogan, M. Doherty, and H. Howel. Integrated multi-trophic aquaculture of steelhead
trout, blue mussel and sugar kelp from a floating ocean platform. Aquaculture, 582, 740540, 2024. ISSN
0044-8486. doi: 10.1016/j.aquaculture.2024.740540. URL
https://www.sciencedirect.com/science/article/pii/S0044848624000012.

A. Drach. Personal Communication. 2015.

D. W. Fredriksson, M. R. Swift, J. D. Irish, I. Tsukrov, and B. Celikkol. Fish cage and mooring system
dynamics using physical and numerical models with field measurements. Aquacultural Engineering, 27(2),
117-146, 2003. ISSN 0144-8609. doi: 10.1016/S0144-8609(02)00043-2.

T. R. Goodman and J. P. Breslin. Statics and dynamics of anchoring cables in waves. Journal of
Hydronautics, 10(4), 113—120, 1976. doi: 10.2514/3.63057. URL https://arc.aiaa.org/doi/10.2514/3.63057.

M. Gosz, K. Kestler, M. R. Swift, and B. Celikkol. Finite element modeling of submerged aquaculture net-
pen systems. Open Ocean Aquaculture: Proceedings of the International Conference, Portland, Maine, May
1996. New Hampshire/Maine Sea Grant College Program, Rpt. #UNHMP-CP-SG-96-9, 523-554. URL
https://scispace.com/pdf/finite-element-modeling-of-submerged-aquaculture-net-pen-hswgqw lucp.pdf.

A. Knysh, J. Coyle, J. DeCew, A. Drach, M. R. Swift, and 1. Tsukrov. Floating protective barriers: evaluation
of seaworthiness through physical testing, numerical simulations and field deployment. Ocean Engineering,
227, 108707, 2021. ISSN 0029-8018. doi: 10.1016/j.oceaneng.2021.108707. URL
https://www.sciencedirect.com/science/article/pii/S0029801821001426.

Kelson Marine. AquaFort IMTA System for the Gulf of Mexico: Dynamic Analysis and Mooring System
Engineering Evaluation. Submitted to project team, December 15, 2023, 36 pp.


https://www.sciencedirect.com/science/article/pii/S0044848624000012
https://arc.aiaa.org/doi/10.2514/3.63057
https://scispace.com/pdf/finite-element-modeling-of-submerged-aquaculture-net-pen-hswgqw1ucp.pdf
https://www.sciencedirect.com/science/article/pii/S0029801821001426

J. R. Morison, M. P. O’Brien, J. W. Johnson, and S. A. Schaaf. The force exerted by surface waves on piles.
Journal of Petroleum Technology, 2(5), 149—-154, 1950. doi: 10.2118/950149-G. URL
https://onepetro.org/JPT/article/2/05/149/161931/The-Force-Exerted-by-Surface-Waves-on-Piles.

G. Sara, M. C. Mangano, M. Johnson, and A. Mazzola. Integrating multiple stressors in aquaculture to build
the blue growth in a changing sea. Hydrobiologia, 809, 517, 2018. ISSN 0018-8158. doi: 10.1007/s10750-
017-3469-8.

L. 1. Tsukrov, M. Ozbay, M. R. Swift, B. Celikkol, D. W. Fredriksson, and K. Baldwin. Open ocean
aquaculture engineering: numerical modeling. Marine Technology Society Journal, 34, 29-40, 2000. ISSN
0025-3324. doi: 10.4031/MTSJ.34.1.4.

L. Tsukrov, O. Eroshkin, D. Fredriksson, M. R. Swift, and B. Celikkol. Finite element modeling of net panels
using a consistent net element. Ocean Engineering, 30, 251-270, 2003. ISSN 0029-8018. doi:
10.1016/S0029-8018(02)00021-5.


https://onepetro.org/JPT/article/2/05/149/161931/The-Force-Exerted-by-Surface-Waves-on-Piles

