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1 Executive Summary 

In Phase I of this project, MMC evaluated the performance of a New Zealand (NZ)-type mussel 

backbone system at maximum shellfish cultivation density under both 20-year and 100-year 

storm conditions.  The dynamic behavior of the system under extreme storm conditions was 

quantified and minimum required capacities of lines and anchors were reported. During that 

analysis, some weaknesses of the as-specified NZ system (Design 1) were identified, including 

the tendency of parts of the backbone to drift to the surface during storms. This results in a 

potential navigational hazard and exposes the mussel droppers to extreme wave forcing, which 

can result in mussel drop-off. Methods for handling slack in the mooring lines when the 

backbone is lowered to 40 feet (to mitigate duck predation) were also required.  

 

Two new designs are proposed and evaluated in the present report. Design 2 is an improved 

design using the same concept. Design 3 is a novel backbone design which uses submerged 

buoyancy on each mooring line at a distance from the anchor such that the buoy cannot reach the 

surface. For both new designs, the distance between anchors was kept constant at 1075 feet.   

 

Furthermore, in conversations with VSE after the initial Phase I report, the length of the mussel 

droppers was increased from 16 feet to 30 feet, substantially increasing the maximum biomass 

on a single backbone.  

 

After increasing the mussel dropper length, Design 2 was adjusted to accomplish the following: 

 Eliminate the tendency of the backbone to lift to the surface under high current speeds. 

 Reduce the tendency of the down-current mooring line drifting to the surface when the 

current is aligned with the backbone. (This was reduced, not successfully eliminated.) 

 Maximize the usable backbone length. The total length of the backbone was increased from 

175m to 205 m by reducing the scope of the mooring lines. This increased the usable 

portion (allowing 15m of unusable length on each end) from 145 m in Design 1 to 175 m. 

This corresponds to a 20% increase in maximum mussel harvest (from 18,950 kg dry 

weight to 22,869 kg dry weight).  

 

The motivation for the novel configuration of Design 3 was to achieve the following: 

 Improve the handling of slack in downstream sections of the line and when the system is 

lowered to prevent duck predation. 

 Increase the ease of lifting the backbone for harvesting, allowing the same increased mussel 

mass (22,869 kg dry weight) as in Design 2. 

 Investigate reducing peak loads in extreme storms by increasing mooring compliance.  

The required structural capacities of the mooring lines, longlines, and anchors are similar for 

Designs 2 and 3. In a worst-case 100-year storm, the required minimum breaking strength for the 

mooring lines is 62,000 lbf; the required minimum breaking strength for the backbone line is 

66,000 lbf. The required holding capacity of the helical anchors is 67,000 lbf in the horizontal 

direction and 14,000 lbf in the vertical direction. These values include safety factors of 1.8 for 

synthetic rope and 2.0 for the helical anchors. 
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The RMS accelerations at the longline midpoint are also similar between Designs 2 and 3.  

Design 2 requires less force raise the fully-stocked backbone to 2 m above the water surface for 

maintenance or harvesting. However, the difference in required lift force between Design 2 and 

Design 3 becomes small if the backbone must be raised to 3 m. This is because the backbone 

tension in Design 3 stays relatively constant regardless of backbone lift height; in Design 2, the 

static tension is lower, but increases more quickly as the backbone is raised above the surface.  

Both Designs 2 and 3 were successfully engineered to eliminate the tendency of the backbone to 

lift to the surface, even under the strong maximum currents characteristic of the site. This was 

accomplished by limiting the amount of submerged buoyancy on the backbone to less than two-

thirds of the wet weight of the mussel biomass. 

The key difference in the performance of Designs 2 and 3 is that Design 3 eliminates slack in the 

downstream mooring line under all environmental loading conditions, whether the backbone is at 

20-feet or lowered to 40 feet to avoid duck predation. The trade-off for this improved performance 

is achieved by submerged flotation on the mooring lines below the Mean Lower-Low Water 

height. Since those submerged buoys cannot reach the surface, they could increase the difficulty 

of installation.  

2 Numerical Model of the Backbone System 

2.1 Numerical Modeling Approach 

A numerical model of the proposed backbone system was developed using a Hydro-/Structural 

Dynamic Finite Element Analysis (HS-DFEA). This HS-DFEA approach solves the equations of 

motion at each time step using a nonlinear Lagrangian formulation to accommodate for large 

displacements of structural elements. Wave and current loading on buoy and line elements 

(including mussel rope elements) is incorporated into the model using a Morison equation 

formulation (1950) modified to include relative motion between the structural element and the 

surrounding fluid. For elements intersecting the free surface, buoyancy, drag, and added mass 

forces are multiplied by the fraction of the element’s volume that is submerged. Steady incident 

flow and wave forcing are specified by the user and are not altered by the presence of the 

structure. 

2.2 Numerical Model Setup 

An FEA-based numerical model was developed for the Ventura Shellfish Enterprise (VSE) 

mussel farm. The structural and hydrodynamic parameters of the mussel lines were taken from 

(Dewhurst, 2016). The diameter of the mussel ropes was set so that the dry weight of mussels 

was 8 pounds per foot of mussel rope, which represents highest reasonable estimate of maximum 

growth.  

 

Since each backbone in the array has its own anchors and is independent of the other backbones, 

an individual backbone was examined. 
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2.3 Location 

The location of the site, as provided by VSE, is shown in Figure 1. The coordinates of the site 

boundaries are listed in Table 1.  

 

Figure 1. Site Boundaries. 

Table 1. Coordinates of Site Boundaries1 

Corner Latitude Longitude 

North 34.254869 -119.399051 

East 34.240018 -119.373207 

South 34.217877 -119.391651 

West 34.232724 -119.41749 

2.4 Environmental Parameters 

2.4.1 Waves 

Extreme wave statistics were based on continuous, long-term wave observations from a wave 

buoy located on the edge of the Santa Barbara Channel (Table 2). Industry standards for finfish 

aquaculture recommend that calculations of extreme events include local observations of 

environmental forcing for one to three months. However, no agreed-upon standard exists for 

non-finfish aquaculture and its relatively lower associated risks compared to finfish systems. The 

present study used data from a wave buoy 8.6 km SSW of the proposed site. Historical data from 

this buoy is available from SCRIPPS’ Coastal Data Information Program (CDIP buoy 111) and 

NOAA’s National Data Buoy Center (NDBC site 46217) websites. 

 

 

                                                 
1 Corps application combined.pdf. Figure 1.  
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Table 2. Source of historical wave data 

 CDIP 111 / NDBC 46217 

Latitude 34.166916 

Longitude -119.434647 

Depth 114 (m) 

Distance from center of site 8.6 km 

Data range 2004–2018 

 

The fourteen years of historical wave data at the nearby site were fit to a Gumbel distribution, a 

statistical distribution derived to describe extreme values. This fit, and the underlying data, are 

shown in Figure 2. The calculated values corresponding to 10-, 20-, 50-, and 100-year events are 

given in Table 4. 

 

Figure 2. Historical extreme wave data (x) with a Gumbel fit (red). To account for the shallower depth of the site 

compared to the wave measurements, a wave shoaling factor was computed and used to calculate the increased significant 

wave heights at the site (blue).  

Table 3. Extreme Significant Wave Heights (Hs) and associated Peak Wave Periods (Tp) for various return periods. 

Return Period, years 1 10 20 50 100 

Significant Wave Height, Hs (m) 3.89 4.94 5.23 5.62 5.91 

Shortest associated peak period, Tp (s) 5.90 6.63 6.82 7.09 7.27 

 



Dewhurst  Maine Marine Composites 

 Page 6 of 29
  

 

 

 

Figure 3. Probability distribution of sea-states by peak wave direction and significant wave height. Wave direction in both 

typical and extreme conditions is from the south. VSE Site layout (gray) is from “Corps application combined.pdf”. 2 

2.4.2 Currents 

Extreme current statistics were based on continuous, long-term hindcast data for the general 

vicinity of the site. Industry standards for finfish aquaculture recommend that calculations of 

extreme events include local observations of environmental forcing for one to three months. 

However, no agreed-upon standard exists for non-finfish aquaculture and its relatively lower 

associated risks compared to finfish systems. For the present study, daily maximum current 

speeds between 1992 and 2012 were provided by Dr. Lisa Wickliffe of NOAA. These were 

extracted from the HYbrid Coordinate Ocean Model (HyCOM)3 hindcast data with 4 km 

resolution. The twenty years of hindcast data were fit to a Gumbel distribution and extrapolated 

to compute extreme values. This fit, and the underlying data, are shown in Figure 4. The derived 

extreme values for 1-, 10-, 20-, 50-, and 100-year events are shown in Table 4. 

 

                                                 
2 This is consistent with the wave rose plot available from CDIP: 

http://cdip.ucsd.edu/themes/s?r=26&wp=0&pb=1&d2=p70&u2=s:111:st:1:v:min_max_mean:dt:201801 
3 https://www.hycom.org/ 

Probability 

Significant 

Wave Height 

m 

http://cdip.ucsd.edu/themes/s?r=26&wp=0&pb=1&d2=p70&u2=s:111:st:1:v:min_max_mean:dt:201801
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Figure 4. Historical extreme current speed data (x) with a Gumbel fit (blue).  

Table 4. Extreme current speeds for various return periods. 

Return Period, years 1 10 20 50 100 

Speed, m/s 0.45 0.66 0.73 0.81 0.87 

 

The directionality of the extreme currents was examined by plotting the maximum observed 

current speed in each of 30 directional bins. The resulting “maximum current rose” in Figure 5 

shows that extreme current speeds are not constrained to a narrow directional band.  
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Figure 5. HYCOM current data in m/s. Maximum velocity in each heading direction over 20-year period. Headings are 

relative to true north. 

2.4.3 Tidal elevation 

Based on data from NOAA Tide Prediction station 9411189, Ventura CA, the maximum tidal 

amplitude near the site is 1.25 m.  

2.4.4 Depth 

Mean lower-low water depths at the site range from 27.4 to 33m (15–18 fathoms). For the 

present analysis, a site near the edge of the permitted area in 33m of water was analyzed. It 

should be noted that, if mooring scope is kept constant, the backbone at shallower locations will 

be longer than those at deeper parts of the site.  

2.4.5 Wind 

Extreme wind statistics were based on continuous, long-term wind observations from a nearby 

observation station. Industry standards for finfish aquaculture recommend that calculations of 

extreme events include local observations of environmental forcing for one to three months. 

However, no agreed-upon standard exists for non-finfish aquaculture and its relatively lower 
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associated risks compared to finfish systems. In the present study, historical wind data was taken 

from NDBC station 46053 (34.167N 119.435W, East Santa Barbara). NOAA reports the 

maximum peak wind gust between 1998 and 2008 to be 54 knots (28 m/s). This 10-year return 

period wind speed was assumed to be aligned with the wave direction for all extreme loadcases.  

2.4.6 Load Cases 

100-year waves, wind, and currents do not generally occur simultaneously. Norwegian Standard 

NS 9415 recommends examining both wave-dominated and current-dominated extreme events 

(Standards Norway, 2009). For the 50-year current-dominated event, the 50-year current speed is 

combined with 10-year waves and wind. Similarly, the 50-year wave event is combined with 10-

year return period currents. In the present analysis, the 10-year return period was used for the 

non-dominant forcing (waves or current) for both the 20-year and 100-year events.  

2.4.7 Minimum Allowable Capacity of Structural Components 

Offshore industry standards (e.g. API RP2SK) require safety factors of 2.0 for pile anchors and 

1.67 for mooring lines (API, 2005). Here, the safety factor is the ratio of ultimate capacity (e.g. 

breaking strength) to the maximum expected demand (e.g. the maximum expected tension). ABS 

recommends increasing safety factors by 20% for synthetic lines, bringing the mooring line 

safety factor up to 1.82. The API recommended safety factor of 2.0 for pile anchors was in these 

calculations applied to helical anchors. MMC calculated the minimum breaking strength of the 

structural lines and the minimum holding power of the anchors required to achieve these safety 

factors. 

3 Calculation of Minimum Required Capacity of Structural Components 

For each design under each loadcase, the maximum expected tensions and forces in a three-hour 

storm, Fmax, were calculated assuming a Rayleigh distribution of the maximum loads. That is,  

𝐹𝑚𝑎𝑥 =  𝐹𝑚𝑒𝑎𝑛 +  √2 log (3 ∗ 3600/𝑇𝑝𝑘𝜎𝐹, 

where Tpk is the peak wave period and σF is the standard deviation of the force time series. 

MMC calculated the minimum breaking strength of the structural lines and the minimum holding 

power of the anchors required to achieve safety factors recommended by API for offshore 

structures. API requires a safety factor of 1.82 on synthetic ropes. API requires a safety factor of 

2.0 on vertical loading of pile anchors. In the present analysis, this safety factor of 2.0 was applied 

to both the vertical and horizontal forces on the helical anchor. 

4 Design 1: Preliminary NZ System (Phase I) 

Gear specifications and dimensions of the initial NZ-style backbone system were taken from the 

document titled, Request for U.S. Army Corps of Engineers Authorization of the Proposed 

Ventura Shellfish Enterprise Project 4.  Figures 11 and 2 from this document were used to derive 

dimensions and components. Where the two figures were inconsistent, Figure 11 was taken to be 

authoritative.  

                                                 
4September 27, 2018. “Corps application combined.pdf”. 50 pages.  
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4.1.1 Statics 

MMC analyzed the specified backbone configuration under fully-stocked conditions with no 

waves, wind, or current. The resulting static displacement shown in Figure 6 shown that the 

center buoy is completely submerged in this case.  

 

Figure 6. Static displacement of specified system (one central surface float) under fully-stocked conditions with no forcing. 

 Because the specified system could not support the maximum expected wet weight of 

mussel growth, surface buoys were added until a non-negligible portion of each surface 

buoy was above the water surface. As shown in Figure 9, this was found to require seven 

surface buoys along the backbone, in addition to the corner surface buoys.  

  

Figure 7. Static displacement of modified system (three interior surface floats) under fully-stocked conditions with no 

forcing. 

  

Figure 8. Static displacement of modified system (five interior surface floats) under fully-stocked conditions with no forcing 

  

Figure 9. Static displacement of modified system (seven interior surface floats) under fully-stocked conditions with no 

forcing. 

X

Z

X

Z

X

Z

X

Z



Dewhurst  Maine Marine Composites 

 Page 11 of 29
  

4.1.1.1 Mooring Pretension 

Figures 7 – 9 show that submerged corner buoys float to the surface in the as-specified 

configuration with added surface floats. Thus, once the required number of surface buoys had 

been determined, MMC adjusted the tension in the backbone system until the tether lines for the 

corner surface buoys remained under tension in typical environmental conditions. Here, typical 

conditions were defined as mean values—a current speed of 0.09 m/s and a significant wave 

height of 0.75 m. For demonstration, Figure 10 shows that 7.78 kN (1750 pounds) of pretension 

is inadequate to keep the aft surface tether under tension in mean conditions. Pretension was 

increased by increasing the distance between anchors. MMC found that keeping the corner 

tethers tensioned requires 10 kN (2250 lbf) of tension in the backbone under fully-stocked 

conditions. This condition is shown in Figure 11. 

 

Figure 10. Aft mooring leg showing slack corner tether under mean environmental conditions (U = 9 cm/s and Hs = 0.75 

m) with a pretension of 7.78 kN (1750 pounds).  

  

Figure 11. Aft mooring leg showing tensioned corner tether under mean environmental conditions (U = 9 cm/s and Hs = 

0.75 m) with a pretension of 10 kN (2250 pounds).  

 While high pretension values are widely considered to be beneficial in reducing the risk of 

animal entanglement, the operational challenges associated with high pretensions should 

be considered. As an alternative to the increased pretension values presented here, mooring 

lines with smaller scope values may yield a system in which the static position of the 

submerged corner buoys is less sensitive to tension. However, the reduced scope would 

affect predicted forces on the anchors. These effects would need to be quantified with 

additional numerical modeling. 

X

Z
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4.1.2 Sensitivity to Current Direction 

The tensions in structural members and forces on anchors are a function of the direct of current, 

waves, and wind. Since Figure 5 shows that the currents at the site are not strongly aligned with a 

single direction, the worst-case forcing direction was found by quantifying the tensions in the 

system as a function of current heading. For this analysis, a 100-year current speed was used 

with no wave forcing. Figure 12 shows that the highest tensions occur when the current heading 

is approximately 45 degrees from the nominal backbone axis. To provide a conservative estimate 

of maximum loading, current, waves, and wind were assumed to be collinear at 45 degrees from 

the backbone axis for all subsequent analyses.  

 

Figure 12. Mooring tensions as a function of current direction. Direction is relative to backbone.  

4.1.3 Fully stocked conditions 

Maximum tensions and anchor forces were quantified for the worst-case storms. The backbone 

system’s response to the 100-year current event with 10-year return period waves and 10-year 

return period wind speed is illustrated in Figure 13.  

 

Figure 13.  Backbone deformation and distribution of tensions in a 100-year current event with 10-year return period 

waves and 10-year return period wind speed. Current, waves, and wind are moving left to right and into the page. 
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4.1.4 Maximum Observed Tensions and Forces 

The resulting maximum expected tensions in each storm event are shown in Table 5 (in SI units) 

and in Table 6 (in standard units).   

Table 5. Maximum expected tensions and forces on Major Structural Components in extreme storm conditions.  

(Current, wave, and wind direction is 45 degrees from backbone axis.) SI units. 

 
Max. Expected Tension 

Max. Expected 

Force on Anchor 

Scenario End 1 End2 
Backbon

e 
Horizont. Vertical 

  N N N N N 

10 year waves, 20-year current, 10-year wind 52,503 19,361 54,009 51,365 10,903 

10 year waves, 100-year current, 10-year wind 53,133 21,115 57,424 52,098 10,458 

20 year waves, 10-year current, 10-year wind 57,538 19,890 53,660 56,353 11,757 

100 year waves, 10-year current, 10-year wind 60,856 19,329 58,190 59,643 12,271 

 

Table 6. Maximum expected tensions and forces on Major Structural Components in extreme storm conditions.  

(Current, wave, and wind direction is 45 degrees from backbone axis.) Standard units. 

 
Max. Expected Tension 

Max. Expected 

Force on Anchor 

Scenario End 1 End2 
Backbon

e 
Horizont. Vertical 

  lbf lbf lbf lbf lbf 

10 year waves, 20-year current, 10-year wind 11,932 4,400 12,275 11,674 2,478 

10 year waves, 100-year current, 10-year wind 12,076 4,799 13,051 11,840 2,377 

20 year waves, 10-year current, 10-year wind 13,077 4,520 12,195 12,808 2,672 

100 year waves, 10-year current, 10-year wind 13,831 4,393 13,225 13,555 2,789 

 

4.1.5 Minimum Allowable Capacity of Structural Components 

MMC calculated the minimum breaking strength of the structural lines and the minimum holding 

power of the anchors required to achieve safety factors recommended by API for offshore 

structures. The resulting minimum capacities are given in Table 7 (SI units) and Table 8 

(standard units). 

Table 7. Minimum allowable capacity (e.g. breaking strength) of major structural components in extreme storm 

conditions. (Current, wave, and wind direction is 45 degrees from backbone axis.) SI units. 

 
Minimum Breaking Strength 

Minimum Holding 

Power 

Scenario End 1 End2 
Backbon

e 
Horizont. Vertical 

  N N N N N 

10 year waves, 20-year current, 10-year wind 95,555 35,237 98,297 102,730 21,806 

10 year waves, 100-year current, 10-year wind 96,703 38,428 104,512 104,195 20,917 
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20 year waves, 10-year current, 10-year wind 104,720 36,199 97,661 112,706 23,514 

100 year waves, 10-year current, 10-year wind 110,759 35,178 105,905 119,286 24,541 

 

Table 8. Minimum allowable capacity (e.g. breaking strength) of major structural components in extreme storm 

conditions. (Current, wave, and wind direction is 45 degrees from backbone axis.) Standard units. 

 
Minimum Breaking Strength 

Minimum Holding 

Power 

Scenario End 1 End2 
Backbon

e 
Horizont. Vertical 

  lbf lbf lbf lbf lbf 

10 year waves, 20-year current, 10-year wind 21,717 8,008 22,340 23,348 4,956 

10 year waves, 100-year current, 10-year wind 21,978 8,734 23,753 23,681 4,754 

20 year waves, 10-year current, 10-year wind 23,800 8,227 22,196 25,615 5,344 

100 year waves, 10-year current, 10-year wind 25,172 7,995 24,069 27,111 5,578 

4.1.6 Design 1: Unresolved Issues 

Under certain combinations of current speed and direction, the backbone was observed lifting to 

the surface (Figure 14). The cause of this phenomenon is described in Section 5.1. 

 

Figure 14. Design 1 allowing backbone to lift to the surface under a 0.66 m/s current. This is due to the large amount of 

submerged buoyancy and the lift force on the mussel droppers. This results in a potential navigation hazard and lost 

harvest due to increased mussel drop-off in storms.   

4.1.7 Observations and Recommendations (Design 1) 

 Mooring lines, backbones, and anchors must be selected to meet the minimum required 

capacities shown in Table 8. 

 Up to six surface floats must be added to the backbone (in addition to the center surface 

float) to support the backbone under full grow-out conditions. 

 Under fully-stocked conditions with six added surface floats, the system must have a 

static tension of 10 kN (2250 lbf) in the backbone to keep the corner tethers under 

tension. If this creates operational difficulties, moorings with smaller scope values could 

be considered. However, the effect on tensions and anchor loads would need to be 

quantified. 

10 m
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 MMC recommends using sinking rope instead of floating rope so that slack portions of 

the backbones or moorings do not rise to the surface and present risks to boat traffic. 

 The backbone and mussel droppers can drift to the surface when subjected to high current 

speeds. This is due to excessive submerged buoyancy combined with the induced lift 

force on the mussel droppers when they swing back under a current. 

5 Design 2: Engineered Revision of NZ System 

To address the design issues identified with Design 1, a revised NZ system was engineered for 

the specific site conditions to address the following issues: 

 

 The backbone lifting to the surface, resulting in a potential navigation hazard and loss-of-

harvest when mussel droppers are subjected directly to surface waves. 

 Reduce the tendency of the down-current submerged corner float drifting to the surface 

when the current is aligned with the backbone, resulting in a potential navigation hazard. 

(This was reduced, not successfully eliminated.) 

 Maximize the usable backbone length. The total length of the backbone was increased from 

175m to 205 m by reducing the scope of the mooring lines. This increased the usable 

portion (allowing 15m of unusable length on each end) from 145 m in Design 1 to 175 m. 

This corresponds to a 20% increase in maximum mussel harvest (from 18,950 kg dry 

weight to 22,869 kg dry weight).  

Prior to engineering the revised system, the following criteria were modified: 

 Based on personal communication between Owen Hesp and Scott Lindell, the last 15 m on 

each end of the backbone line were assumed to be unworkable. This is based on mussel 

farmers’ being unable to raise the end sections to the surface. 

 Based on conversations with the client, the mussel dropper lengths were increased to 30 

feet from top to bottom.  

5.1 Maximum allowable submerged buoyancy 

Under certain combinations of current speed and direction, the backbone of Design 1 was 

observed lifting to the surface (Figure 14). This effect is described in detail below. 

 

The current exerts an upward force on a mussel dropper as the dropper lays back at an angle. 

This was observed in tow tank tests by Landmann et al. (2019). 
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Figure 15. Landmann et al. (2019): “The drag testing of a top-mounted only specimen at velocities of 0.10 m/s (a), 0.25 m/s 

(b) and 0.5 m/s (c) with a progressive lift towards the surface visible.” 

The free-body diagram for this scenario is shown in Figure 16. The incline (angle from vertical) 

has been exaggerated for clarity.    

 

Figure 16. Force balance on a straight section mussel dropper under a steady current. Blue arrows show the drag vectors. 

Black arrows show the wet weight per length of the mussel dropper. 

If curvature is negligible, then the shear force and bending moment in the dropper are taken to be 

zero. Since the system is at steady state, summing forces per length in the x-direction, normal to 

the dropper axis, yields, 

 

 
fDx = (𝜌𝐴𝑐𝑔 − 𝑓𝐵)cos (𝜃) . (1) 
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Here, ρ is the effective density of the dropper. Ac is the cross-sectional area of the dropper. The 

buoyant force per length is fB, and θ is the angle between the dropper axis and horizontal. The 

drag force normal to the dropper is fDx.  

 

The resulting vertical component of drag is then,  

 

 
f𝑍 = 𝑓𝐷𝑥 cos (𝜃) . (2) 

Equations (1) and (2) were solved as a function of current speed using inputs that correspond to a 

mussel dropper with a dry weight per length of 8 lbm/foot. Figure 17 compares the wet weight of 

a 10-m mussel dropper with the resulting lift force as a function of speed. To prevent the 

backbone and mussel droppers from rising to the surface under currents exceeding 0.5 m/s, 

submerged buoyancy should not support more than two-thirds of the wet weight of the mussel 

droppers. Excessive submerged buoyancy can result in a potential navigation hazard and loss of 

harvest due to mussel drop-off. 

 

Figure 17. Drag-induced lift on a 10-m long mussel dropper weighing 8 lbm/foot (dry) as a function of current speed. 

Maximum lift per length is approximately one-third of wet weight per length. To prevent the backbone and mussel 

droppers from rising to the surface under currents exceeding 0.5 m/s, submerged buoyancy should not support more than 

two-thirds of the wet weight of the mussel droppers. Excessive submerged buoyancy can result in a potential navigation 

hazard and loss of harvest due to mussel drop-off. 

5.2 Pretensioning: Design 2 

Typical industry values were used for the mooring scope (2.5) and the volume of the submerged 

corner floats (480 liters). The system was then pretensioned by adjusting the length of the 

backbone line until the submerged corner buoys were submerged and the surface corner buoys 

were upright. This condition corresponded to a pretension in the backbone line of 8.9 kN (2020 

lbf) at mid tide. The resulting unstocked static configuration is shown Figure 18. 
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Figure 18. Unstocked static configuration for Design 2. 

5.3 Uplift Prevention: Design 2 

To eliminate the tendency of the backbone and mussel droppers to lift to the surface when 

subjected to a current, the ratio of submerged buoyancy to mussel weight was limited to two-

thirds. This corresponds to a maximum of 30 submerged 120 liter buoys on the backbone for a 

maximum dry mussel mass of 22,869 kg dry weight.  

 

Because lifting is a concern for navigation and loss of harvest, but not for structural integrity, 

uplift was analyzed using the five-year return period current speed of 0.6 m/s. The resulting 

disposition of the backbone is shown in Figure 19.   

 

Figure 19. Design 2 under a 0.6 m/s (5-year return period) current at 45 degrees to the backbone. The current does not lift 

the backbone and mussel ropes to the surface in this configuration. 

5.4 Corner Buoy Uplift Prevention: Design 2 

Analysis of the initial backbone design showed that the downstream submerged corner buoy 

tends to float to the surface when the current direction is aligned with the backbone. Figure 20 

shows that this condition occurs even with the specified tension of 8.9 kN (2020 lbf).  

 

Figure 20. Design 1 under a one-year return period current aligned with the backbone line.  

5.5 Statics: Design 2 

The static configuration is shown in still water in Figure 21. 
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Figure 21. Design 2 under fully-stocked conditions with no environmental forcing.  

5.6 Design 2 Summary 

The components of Design 2 are specified in Table 9. 

Table 9. Summary of Design 2 Components 

Component Material Qty Length Net Buoyancy Diameter Volume 

   
 Total  Each 

       m each kg m m^3 

Mussel-Ropes Mussels 195 10.0 -5,717 2.70E-01 5.75E-01 

Anchor-Line Duradan 2 67.1 16 4.00E-02 8.43E-02 

Long-Line Duradan 1 205 24 4.00E-02 2.57E-01 

Sub-Corner-Float 4X120L, LDPE 2 0.91 920 8.18E-01 4.80E-01 

Corner-Float 300L, LDPE 2 1.51 575 5.03E-01 3.00E-01 

Corner-Float-Line Duradan 2 6.1 1.1 4.00E-02 5.75E-03 

Long-Line-Float 120L, LDPE 30 1.1 3,229 3.71E-01 1.20E-01 

Tethers Duradan 30 0.1 0.2 3.20E-02 8.04E-05 

Surface-Center-Float 300L, LDPE 10 1.5 2,875 5.03E-01 3.00E-01 

Surface-Center-Float-Line Duradan 10 6.1 5.5 4.00E-02 5.75E-03 

 

5.7 Operations: Design 2 

5.7.1 Predation Avoidance 

To protect against duck predation, the backbones must occasionally be lowered to about 40 feet. 

Consequently, the system must allow for managing tension in this alternative configuration. Two 

alternative configurations for Design 2 were analyzed under still water and 1-year storm 

conditions.  

 

Figure 22 shows the lowered configuration (all tethers increased to 40 feet) in still water. Corner 

tethers are slack, with some line floating to the surface.  
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Figure 22. Design 2 with the tether lengths increased to 40 feet.  

Figure 23 shows Design 2 in in still water in the lowered configuration with the middle tethers 

increased to 40 feet but the corner tethers kept at 20 feet. This configuration maintains tension in 

the corner tethers, with no line floating to the surface in still water.  

 

Figure 23. Design 2 with the tether lengths increased to 40 feet and the corner tethers kept at 20 feet, in still water. In this 

condition, tension in the system is maintained. 

The lowered configuration was assessed under a 1-year return period storm in which current, 

wave, and wind are aligned with the backbone. Figure 24 and Figure 25 show that even when the 

corner tethers are kept at 20 feet, significant slack is present in the down-current line.  

 

 

Figure 24. Design 2 in the lowered configuration with all tethers lengthened to 40 feet. Response to a 1-year storm aligned 

with the backbone. Significant slack is observed at the down-current end.  

 

Figure 25. Design 2 in the lowered configuration with middle tethers lengthened to 40 feet and end tethers kept at 20 feet. 

Response to a 1-year storm aligned with the backbone. Significant slack is observed at the down-current end.  

To further assess the likelihood of the downstream submerged buoy lifting to the surface, Design 

2 was analyzed in the 1-year currents in the 300-degree and 30-degree directional bins, relative to 

true north. These are the directions aligned with the edges of the site. The 1-year return period 

currents in these directions were 0.10 m/s for the 120-degree/300-degree direction and 0.14 m/s 
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for the 30-degree/210-degree direction. Figure 26 and Figure 27 show that the submerged buoy 

stays at least slightly submerged in both cases. The risks associated with the buoy floating to the 

surface can be reduced by employing sinking rope.  

 

Figure 26. The downstream corner buoy stays submerged in the 1-year maximum currents (0.10 m/s) that occur in the 

120-degree/300-degree direction. 

 

Figure 27. The downstream corner buoy stays (slightly) submerged in the 1-year maximum currents (0.14 m/s) that occur 

in the 30-degree/210-degree direction.  

5.7.2 Harvesting and maintenance 

The numerical model was used to quantify the force required to lift 2 meters of the fully-laden 

backbone above the surface of the water for maintenance or harvesting.  
To lift the backbone 2-m above the surface, the required force was 9.2 kN (2100 lbf) for Design 2.  

To lift the backbone 3-m above the surface, the required force was 13.2 kN (3000 lbf) for Design 2.  

5.8 Storm Response: Design 2 

MMC calculated the minimum breaking strength of the structural lines and the minimum holding 

power of the anchors required to achieve safety factors recommended by API for offshore 

structures under fully stocked conditions. Additionally, the 100-year storm that produced the 

largest loads in the fully stocked condition was used for the unstocked case. The resulting 

minimum capacities are given in Table 10 (SI units) and Table 11 (standard units). 
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Table 10. Minimum allowable capacity (e.g. breaking strength) of major structural components for Design 2 in extreme 

storm conditions. (Current, wave, and wind direction is 45 degrees from backbone axis.) SI units. 

 
Tension Force on Anchor 

Scenario End 1 End2 Longline Horizont. Vertical 

  N N N N N 

1 year waves, 1-year current, 10-year wind 126,769 52,419 125,926 135,458 33,063 

10 year waves, 20-year current, 10-year wind 232,638 75,613 231,203 250,661 50,909 

10 year waves, 100-year current, 10-year wind 267,695 82,908 266,205 288,891 56,303 

20 year waves, 10-year current, 10-year wind 212,956 72,154 211,239 229,406 46,956 

100 year waves, 10-year current, 10-year wind 230,121 74,149 222,790 248,225 49,134 

10 year waves, 100-year current, 10-year wind 

-Unstocked 55,563 38,262 49,306 56,883 22,674 

 

 

Table 11. Minimum allowable capacity (e.g. breaking strength) of major structural components for Design 2 in extreme 

storm conditions. (Current, wave, and wind direction is 45 degrees from backbone axis.) Standard units. 

 
Tension Force on Anchor 

Scenario End 1 End2 Longline Horizont. Vertical 

  lbf lbf lbf lbf lbf 

1 year waves, 1-year current, 10-year wind 28,811 11,913 28,620 30,786 7,514 

10 year waves, 20-year current, 10-year wind 52,872 17,185 52,546 56,968 11,570 

10 year waves, 100-year current, 10-year wind 60,840 18,843 60,501 65,657 12,796 

20 year waves, 10-year current, 10-year wind 48,399 16,399 48,009 52,138 10,672 

100 year waves, 10-year current, 10-year wind 52,300 16,852 50,634 56,415 11,167 

10 year waves, 100-year current, 10-year wind 

-Unstocked 12,628 8,696 11,206 12,928 5,153 

6 Design 3: Novel Engineered System 

To address concerns with Designs 1 and 2, Dewhurst developed a new backbone system design. 

This design incorporates submerged buoyancy at a point on each mooring line positioned such that 

anchor line float cannot reach the surface. The goal of this design is threefold:  

 Increase the ease of lifting the backbone for harvesting, allowing the same increased mussel 

mass (22,869 kg dry weight) as in Design 2.  

 Improve the handling of slack in downstream sections of the line and when the system is 

lowered to prevent duck predation. 

 Investigate the possibility of improved mooring compliance reducing peak loads in extreme 

storms. 
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Clump weights on the mooring line could be used to a similar end, but have been known to break 

when not carefully designed and constructed.  

6.1 Pretensioning and Corner Buoy Uplift Prevention: Design 3 

Typical industry values were used for the mooring scope (3:1) and the volume of the submerged 

corner floats (420 liters per mooring line). However, the submerged buoyancy was placed 30 m 

above the anchor (90% of the MLLW depth) instead of at the top end of the mooring line.  

 

Analysis of the previous designs showed that the downstream submerged corner buoy tends to 

float to the surface when the current direction is aligned with the backbone. In the proposed 

design, the system was pretensioned by adjusting the length of the backbone line until no part of 

the backbone line lifted to the surface in a 1-year current event (0.45 m/s) even when the current 

is directly in line with the backbone. As shown in Figure 28, this design satisfies the objective of 

preventing submerged buoys from surfacing under one-year return period conditions. This is the 

objective which Design 2 was unable to satisfy.  

 

Figure 28. Design 3 in a one-year return period current directly aligned with the backbone. This design satisfies the 

objective of preventing submerged buoys from surfacing under one-year return period conditions. 

This condition corresponded to a pretension in the backbone line of 7.4 kN (1660 lbf) at mid 

tide. The resulting unstocked static configuration is shown Figure 29. 

 

Figure 29. Unstocked static configuration for Design 3. 

6.2 Statics: Design 3 

The static configuration is shown in still water in Figure 24. 

 

Figure 30. Design 2 under fully-stocked conditions with no environmental forcing.  
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6.3 Uplift Prevention: Design 3 

To eliminate the tendency of the backbone and mussel droppers to lift to the surface when 

subjected to a current, the ratio of submerged buoyancy to mussel weight was limited to less than 

two-thirds. This corresponds to a maximum of 30 submerged 120 liter buoys on the backbone for 

a maximum dry mussel mass of 22,869 kg (50,418 lbm).  

 

Because lifting is a concern for navigation and loss of harvest, but not for structural integrity, 

uplift was analyzed using the five-year return period current speed of 0.6 m/s. The resulting 

disposition of the backbone is shown in Figure 19.   

 

Figure 31. Design 2 under a 0.6 m/s (5-year return period) current at 45 degrees to the backbone. The current does not lift 

the backbone and mussel ropes to the surface in this configuration. 

6.4 Design 3 Summary 

The components of Design 3 are specified in Table 12. 

Table 12. Summary of Design 2 Components 

Component Material Qty Length Net Buoyancy Diameter Volume 

   
 Total  Each 

       m each kg m m^3 

Mussel-Ropes Mussels 195 10.0 -5,717 2.70E-01 5.75E-01 

Anchor-Line Duradan 2 80.5 19 4.00E-02 1.01E-01 

Anchor-Line-Float 420L, LDPE 2 2.112934433 804.7 5.03E-01 4.20E-01 

Long-Line Duradan 1 175 21 4.00E-02 2.20E-01 

Corner-Float 300L, LDPE 2 1.51 535 5.03E-01 3.00E-01 

Corner-Float-Line Duradan 2 6.1 1.1 4.00E-02 5.75E-03 

Long-Line-Float 120L, LDPE 30 1.1 3,229 3.71E-01 1.20E-01 

Tethers Duradan 30 0.1 0.2 3.20E-02 8.04E-05 

Surface-Center-Float 300L, LDPE 10 1.5 2,875 5.03E-01 3.00E-01 

Surface-Center-Float-Line Duradan 10 6.1 5.5 4.00E-02 5.75E-03 

TOTAL    1,774   
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6.5 Operations: Design 3 

6.5.1 Predation Avoidance 

To protect against duck predation, the backbones must occasionally be lowered to about 40 feet. 

Consequently, the system must allow for managing tension in this alternative configuration. 

Design 3 was analyzed under still water and 1-year storm conditions.  

 

Figure 32 shows the lowered configuration (all tethers increased to 40 feet) in still water. 

Tension is maintained in the system, with no line floating to the surface.  

 

Figure 32. Design 2 with the tether lengths increased to 40 feet.  

The lowered configuration was assessed under a 1-year return period storm in which current, 

wave, and wind are aligned with the backbone. Figure 33 shows that no slack is present in the 

down-current line.  

 

 

Figure 33. Design 2 in the lowered configuration with all tethers lengthened to 40 feet. Response to a 1-year storm aligned 

with the backbone. No slack is observed at the down-current end.  

6.5.2 Harvesting and maintenance: Design 3 

The numerical model was used to quantify the force required to lift a 2-m length of the backbone 

2 meters above the surface of the water. The required force was 12,878 kN (2,927 lbf) for Design 

3. To lift the backbone 3 m above the surface, the required force was 14,948 kN (3,397lbf) 

6.6 Storm Response: Design 3 

6.6.1 Survival Conditions 

MMC calculated the minimum breaking strength of the structural lines and the minimum holding 

power of the anchors required to achieve safety factors recommended by API for offshore 

structures under fully stocked conditions. Additionally, the 100-year storm that produced the 

largest loads in the fully stocked condition was used for the unstocked case. The resulting 

minimum capacities are given in Table 13 (SI units) and Table 14 (standard units). 
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Table 13. Minimum allowable capacity (e.g. breaking strength) of major structural components for Design 3 in extreme 

storm conditions. (Current, wave, and wind direction is 45 degrees from backbone axis.) SI units. 

 
Tension Force on Anchor 

Scenario End 1 End2 Longline Horizont. Vertical 

  N N N N N 

1 year waves, 1-year current, 10-year wind 124,697 49,242 122,133 132,353 35,624 

10 year waves, 20-year current, 10-year wind 252,797 78,869 257,041 271,713 58,701 

10 year waves, 100-year current, 10-year wind 269,045 84,192 271,600 289,611 60,516 

20 year waves, 10-year current, 10-year wind 255,653 78,900 248,941 274,826 59,052 

100 year waves, 10-year current, 10-year wind 265,931 79,701 256,358 286,010 60,954 

10 year waves, 100-year current, 10-year wind 

-Unstocked 42,830 31,949 39,661 43,125 19,265 

 

 

 

Table 14. Minimum allowable capacity (e.g. breaking strength) of major structural components for Design 3 in extreme 

storm conditions. (Current, wave, and wind direction is 45 degrees from backbone axis.) Standard units. 

 
Tension Force on Anchor 

Scenario End 1 End2 Longline Horizont. Vertical 

  lbf lbf lbf lbf lbf 

1 year waves, 1-year current, 10-year wind 28,340 11,191 27,757 30,080 8,096 

10 year waves, 20-year current, 10-year wind 57,454 17,925 58,418 61,753 13,341 

10 year waves, 100-year current, 10-year wind 61,147 19,135 61,727 65,821 13,754 

20 year waves, 10-year current, 10-year wind 58,103 17,932 56,577 62,461 13,421 

100 year waves, 10-year current, 10-year wind 60,439 18,114 58,263 65,002 13,853 

10 year waves, 100-year current, 10-year wind 

-Unstocked 9,734 7,261 9,014 9,801 4,378 
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7 Comparison of Design Alternatives 

Table 15 compares key results for Designs 1, 2, and 3. (Since certain key problems with Design 1 

were identified early on, Design 1 was not reanalyzed with the increase mussel biomass for which 

Designs 2 and 3 were analyzed.) 

Table 15. Comparison of Key Results for Designs 1, 2, and 3 

 Design 1 Design 2 Design 3 

Survival    

Required Minimum Breaking Load: Mooring Line N/A5 60,840 lbf 61,147 lbf 

Required Minimum Breaking Load: Long Line N/A 60,501 lbf 61,727 lbf 

Required Anchor Holding Capacity: Horizontal N/A 65,657 lbf 65,821 lbf 

Required Anchor Holding Capacity: Vertical N/A 12,796 lbf 13,754 lbf 

Navigability and Operations    

Force required to lift fully-stocked backbone 2m 

above surface 

N/A 2094 lbf 

 

2927 lbf 

 

Force required to lift fully-stocked backbone 3m 

above surface 

N/A 3001 lbf 

 

3397 lbf 

 

Backbone stays at nominal depth under high 

currents?  
No Yes Yes 

Slack lines eliminated in lowered (predation 

avoidance) configuration in still water? 
No Yes 6 Yes 

Slack lines eliminated when the highest 1-year 

current is aligned with backbone? 
No No Yes 

Slack lines eliminated for 1-year currents aligned 

with probable orientations of the backbone (the 

120-degree/300-degree direction and the 30-

degree/210-degree direction, relative to true north)? 

No No Yes 

Mussel Drop-off    

Collision between droppers? N/A N/A N/A 

RMS Acceleration at backbone midpoint7 in 1-year 

storm 

N/A 0.7 m/s2 0.8 m/s2 

N/A: Not Analyzed 

                                                 
5 Structural requirements for Design 1 are not presented here because it was analyzed with a much lower biomass 

than Designs 2 and 3 
6 If end tethers are kept at 20 feet 
7 May serve as a proxy for mussel drop-off 
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The required structural capacities of the mooring lines, longlines, and anchors are similar for 

Designs 2 and 3.  

The RMS accelerations at the longline midpoint are also similar between Designs 2 and 3.  

Design 2 requires less force raise the fully-stocked backbone to 2 m above the water surface for 

maintenance or harvesting. However, the difference in required lift force between Design 2 and 

Design 3 becomes small if the backbone must be raised to 3 m. This is because the backbone 

tension in Design 3 stays relatively constant regardless of backbone lift height; in Design 2, the 

static tension is lower, but increases more quickly as the backbone is raised above the surface.  

Both Designs 2 and 3 were successfully engineered to eliminate the tendency of the backbone to 

lift to the surface, even under the strong maximum currents characteristic of the site. This was 

accomplished by limiting the amount of submerged buoyancy on the backbone to less than two-

thirds of the wet weight of the mussel biomass. 

The key difference in the performance of Designs 2 and 3 is that Design 3 better reduces slack in 

the downstream mooring line under all environmental loading conditions, whether the backbone 

is at 20-feet or lowered to 40 feet to avoid duck predation. The trade-off for this improved 

performance is that it is achieved by submerged flotation on the mooring lines below the Mean 

Lower-Low Water height. Since those submerged buoys cannot reach the surface, they could 

increase the difficulty of installation. If Design 2 is used, MMC recommends using sinking rope 

rather than floating rope, particularly for any lines that may be slack or near slack in reasonable 

loading conditions.  
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