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1.0  PURPOSE 
 

This report presents the analysis predicting scour conditions resulting from the offshore wind energy project 
being proposed by Cape Wind Associates, LLC.  The proposed Wind Park will consist of the installation and 
operation of 130 Wind Turbine Generators (WTGs) on Horseshoe Shoal in Nantucket Sound (see Figure 1).  The 
purpose of the analysis was to evaluate the potential for the Wind Park to affect sediment transport on Horseshoe 
Shoal based on estimated scour depths and aerial extent of scour.  The results of the analysis are not intended to 
be used for final design of the individual WTGs. 
 
2.0  BACKGROUND 
 
Structures placed in the marine environment may interact with existing forces to contribute to increased local 
sediment transport that leads to scour.  This analysis predicts the potential scour conditions around the monopile 
foundation structures (referred to as “structures”) supporting the WTGs to be placed in specific parallel rows in 
an array (see Figure 1) perpendicular to prevailing winds, which are generally from the northwest in the winter 
and southwest in the summer. 
 
Near-field scour conditions may, in time have a detrimental effect on the stability of structures through increased 
stress or increased exposure to potential damage necessitating costly maintenance.  Additionally, far-field scour 
conditions, if present, could result in an impact on the existing geological conditions of Nantucket Sound in the 
vicinity of the Wind Park. 
 
3.0  EXISTING CONDITIONS 
 
3.1  General 

 
Nantucket Sound is a shallow open coastal waterbody.  The existing conditions study presented by Woods Hole 
Group (WHG) in a July 2002 report includes approximate values of magnitude and direction of wind, wave, and 
current conditions for the subject area.  The study is based on a combination of existing wind and tidal (heights 
and currents) data, supplemented with a site-specific current monitoring program and includes sufficient data to 
provide conservative predictions of scour conditions and an understanding of near and far-field scour impacts. 

 
3.2  Hydrography 

 
Horseshoe Shoal is shaped like a horseshoe, with shallow northern and southern legs separated by a deep-water 
basin.  Depths at Horseshoe Shoal are as shallow as 0.5 feet at Mean Lower Low Water (MLLW).  Depths to the 
north are highly variable, with an average depth of approximately 15 to 20 feet.  Water depths within the Project 
Area range between a minimum depth of 7.7 feet along the southern leg of Horseshoe Shoal and a maximum 
depth of 62.5 feet near the southwest limit of the Project Area.  The geographical features of Nantucket Sound, 
including the presence of Nantucket and Martha’s Vineyard Islands, greatly reduce the ability of an ocean swell to 
propagate into the Sound without experiencing significant losses of wave height and wave period characteristics. 
 
3.3  Current 

 
Information presented in the WHG report was developed based on a current survey conducted to support 
analytical modeling and the collection of existing information about currents in Nantucket Sound.  For the survey, 
current data was collected and recorded for use in the modeling.  Water mass movement in Nantucket Sound is 
primarily dominated by strong, reversing, semidiurnal tidal currents.  Tidal flood currents flow primarily to the 
east and are stronger than the westerly-directed ebb currents.  The dominant flood currents range between 
approximately 1.8 ft/sec and 2.0 ft/sec, and are strongest during the spring tide.  In contrast to tidal currents, 
wind-driven currents are only moderate because of the sheltering effect of Nantucket and Martha’s Vineyard 
Islands. 
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3.4  Sediments 
 
A total of 16 vibracores was advanced/collected from the WTG array area at depths ranging from approximately 
14 to 22 feet below the present seabed (see Figure 2).  The median sediment grain size, d50, within the array 
ranged between approximately 0.011 inches (0.279 mm) and 0.020 inches (0.508 mm).  In general, the bottom 
sediments on and surrounding Horseshoe Shoal consist of poorly graded fine to coarse-grained sands, with 
localized fractions of clay, silt, gravel and/or cobbles. 
 
4.0  METHODOLOGY 
 
4.1  General 

 
Scour processes are driven by wave action (wind-driven and ocean swell) and currents (tidal and wind-driven).  
Scour will occur as a result of the amplitude of the orbital motion of water particles at the seabed resulting from 
wave action and the particle velocity along the seabed resulting from wave action and currents.  Analysis of scour 
processes is a function of the availability of existing data representing the magnitude and direction of currents, 
wave direction, wave period, wave height, pile diameter, the depth of water, and the soil characteristics of the 
seabed.   
 
This analysis primarily incorporates information presented in the WHG report and methodologies presented by 
Sumer & Fredsoe in their 2002 publication titled The Mechanics of Scour in the Marine Environment.  The analysis 
was performed for the preferred Wind Park location, Horseshoe Shoal. 
 
The methodology presented by Sumer and Fredsoe (2002) is specific to scour in the marine environment.  Sumer 
and Fredsoe compiled and analyzed detailed hydrodynamic descriptions along with laboratory test results to 
develop a methodology based on empirical expressions and numerical equations that can be used directly to 
predict scour conditions. 
 
4.2  Mechanics of Scour 
 
According to Sumer and Fredsoe (2002), scour around a pile in the marine environment can be characterized as 
one of two kinds of flow regimes: slender- or large-pile.  The characterization is based on the diffraction 
parameter, defined as the ratio of the pile diameter to the wavelength. 
 
The slender-pile regime is defined as having a pile with a diffraction parameter so small (generally less than 0.1) 
that the flow around the pile is separated, leading to the development of horseshoe and wake vortices (see 
Figure 3).  Horseshoe vortices develop around the entire outside diameter of the pile and are uniform in 
magnitude.  Wake vortices extend outward in the direction of flow until the flow characteristics are no longer 
affected by the presence of a pile.  The acceleration of flow created by the vortices results in the development of 
a scour hole in the vicinity of the pile.  For slender piles, the methodology presented by Sumer and Fredsoe 
(2002) is based on equations used to predict scour depths around the pile. 
 
The large-pile regime is defined as having a diffraction parameter so large that the flow is not separated.  Under 
these conditions, the wave-induced steady streaming near the seabed will result in the suspension and transport 
of sediment, resulting in the development of a scour hole around the pile.  For structures acting in the large-pile 
regime, the methodology developed by Sumer and Fredsoe (2002) includes a graphical representation for 
predicting scour depths having diffraction parameters within a specific range. 
 
The vortices cause the development of an area of scour around a pile including a circular area around the pile 
having a diameter slightly greater than the diameter of the pile, and a scour shadow extending outward in the 
direction of flow to a point where the wake vortex no longer exists.  The scour hole is a result of the interaction 
of the horseshoe vortices with the sediment at the base of the pile.  The scour shadow is a result of the wake 
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vortices and is also a function of the angle of repose of the sediment present at the base of the pile.  Suspended 
sediments are transported in the water column and deposited along the seabed at a point beyond the effect of 
the vortices and where flow returns to an equilibrium state.   
 
4.3  Limits of Scour 
 
The aerial extents of the scour hole are based on the magnitude of the vortices developing around the pile, 
predicted scour hole depths, and sediment characteristics.  The extents of the scour hole resulting from 
horseshoe vortices is predicted based on the relationship developed by Sumer & Fredsoe (2002) as the distance 
of 1.1 times the value of the pile diameter from the center of the pile combined with a distance from the 
predicted scour depth and the known angle of repose for the given soil conditions.  The outward distance of the 
scour hole resulting from the horseshoe vortex is also predicted based on the above relationship.  For the scour 
resulting from the wake vortex, the outward distance was predicted by adding the distance resulting from the 
horseshoe vortex to a distance based on the predicted scour depth and an angle approximately one half that of 
the angle of repose for the given soil.  This approach results in a conservative prediction of the maximum aerial 
extent of scour conditions surrounding the pile. 
 
4.4  Scenarios for Scour Analysis 
 
Three scenarios, summarized in Table 1 and described below, of wave action and current conditions in the 
subject area were considered to estimate the overall magnitude of scour that can be anticipated from the 
construction of the WTGs.  For this analysis the subject structures include the one in the shallowest water depth 
area, the one with the greatest depth, and one from each corner of the array, as identified on Figure 1. 

1. The first scenario represents conditions during the dominant flood current during spring tide conditions 
combined with a coinciding wind and wave propagation direction.  The dominant flood current is to the east 
with a velocity of 2.0 ft/sec.  In combination with the dominant flood current, the wind driven current from 
prevailing westerly winds would be to the east with a velocity of 0.4 ft/sec.  Wind-generated waves resulting 
from the average of the highest 10% of wind velocities in the direction of the currents would have a wave 
period of 3.1 sec and a significant wave height of 2.5 ft.  The approximate direction and magnitude of forces 
described above were identified in the study prepared by WHG. 

2. The second scenario represents conditions based on the propagation of what the WHG report considers an 
average ocean swell approaching from the east with a wave period of 8.0 sec and a wave height of 4.5 ft, 
combined with coinciding tidal current and wind directions.  The resulting ebb current to the west would have 
a velocity of 1.8 ft/sec with a wind-driven current of 0.36 ft/sec resulting from the easterly winds over 
Nantucket Sound. 

3. The third scenario represents predicted conditions associated with the 100-year storm event without 
considering the sheltering effect provided by Nantucket and Martha’s Vineyard Islands.  Open ocean 
conditions, as experienced along the south shore of Nantucket Island, can include an ocean swell having a 
wave period of 12.5 sec and a significant wave height of 19.0 ft.  These wave conditions were used to 
compute the wave crest associated with the 100-year storm surge published in the November 6, 1996, Flood 
Insurance Study for the Town of Nantucket.  In combination with the open ocean swell, an ebb current to the 
west with a velocity of 1.8 ft/sec will act with a wind-driven current having a velocity of 0.36 ft/sec resulting 
from easterly winds.  It should be noted that it is likely that a wave of this magnitude would break as it 
propagates into Nantucket Sound due to the relative depths along the south and east edges of the Sound and 
the existing hydrographic conditions in Nantucket Sound do not support the development of a wind-
generated wave of this magnitude. 
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Table 1:Summary of Conditions 

Scenario Tidal Current 
(ft/sec) 

Wind Current 
(ft/sec) 

Wave Period 
(sec) 

Wave Height 
(ft) 

1 2.0 0.40 3.1 2.5 
2 1.8 0.36 8.0 4.5 

3 1.8 0.36 12.5 19.0 

 
5.0  PREDICTED SCOUR DEPTH 
 
The foundations for each WTG in the Wind Park will have a pile diameter that is dependent on the water depth at 
each structure.  The water depth at structure locations within the array varies between approximately 12 feet and 
50 feet.  WTGs located in water depths of up to 40 feet at MLLW will have 16.75 foot diameter foundations, and 
WTGs located in 40 to 50 feet of water at MLLW will have 18 foot diameter foundations.  Each of the three 
scenarios in Table 1 was applied to the aforementioned subject structures.  The values for seabed grain size 
(d50), shown on Table 2, were taken from the vibracore sample location closest to each subject structure.  The 
locations of the vibracore samples are shown on Figure 2. 
 
The results, as related to each of the three scenarios, are as follows: 

1. Under conditions when the wind-driven current and wind-driven waves coincide with the maximum dominant 
tidal current, the structures act as large piles.  This occurs as a result of the relatively short wavelength when 
compared to the diameter of the piles.  Specifically, the diffraction parameter, as defined in Section 4.2, is 
greater than 0.1.  The methodology presented by Sumer and Fredsoe (2002) is not valid.  Specifically, the 
wind-driven wave characteristics are not significant enough to accurately predict scour depths.  Predicted 
scour depths for this scenario would be less than the depths predicted based on more significant wave 
characteristics identified in scenarios 2 and 3.  The results presented in Table 2 for this scenario represent 
approximate predictions based on interpolation of graphical data presented by Sumer and Fredsoe (2002). 

2. Under conditions with a propagating ocean swell combined with coinciding tidal and wind-driven currents, the 
structures act as slender piles, and scour depths range from 2.7 feet to 4.0 feet, and the scour hole extends a 
maximum of between 26 feet and 33 feet away from the edge of the pile in the downstream direction.  These 
predicted scour conditions should be considered the most reasonable representation resulting from the 
existence of the proposed structures. 

3. Under conditions associated with the propagation of an unaltered large ocean wave into Nantucket Sound 
combined with coinciding tidal and wind-driven currents, the structures act as slender piles, and scour depths 
range from 6.0 feet to 8.5 feet, and the scour hole extends a maximum of between 46 feet and 59 feet away 
from the edge of the pile in the downstream direction.  The conditions for this scenario are conservative 
given the Nantucket Sound environment, and scour conditions of this magnitude are not likely to occur. 
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Table 2: Summary of Results 
 Structure Depth 

(ft) 
d50

(ft) 
Scour Depth 

(ft) 
Maximum Scour Distance 

(ft from pile) 

C-10 20 0.0011 1.6 18.7 

H-8 56 0.0012 0.2 9.7 
D-1 22 0.0016 0.2 9.7 
L-1 25 0.0007 0.2 9.7 

A-12 30 0.0010 0.1 9.7 Sc
en

ar
io

 1
 

K-16 32 0.0010 0.1 9.7 
C-10 20 0.0011 2.7 25.5 
H-8 56 0.0012 3.0 28.0 

D-1 22 0.0016 3.8 31.6 
L-1 25 0.0007 3.9 32.5 

A-12 30 0.0010 3.8 32.2 Sc
en

ar
io

 2
 

K-16 32 0.0010 4.0 32.7 
C-10 20 0.0011 7.1 50.4 
H-8 56 0.0012 6.0 45.1 
D-1 22 0.0016 8.5 58.5 

L-1 25 0.0007 8.2 56.7 
A-12 30 0.0010 7.1 51.2 Sc

en
ar

io
 3

 

K-16 32 0.0010 8.0 55.5 
 
The structural design of the WTGs is based on no scour occurring around the WTG.  The design calculations must 
use a fixed point for analysis, and the existing mudline was selected as this fixed point for design calculations.  
Therefore, any amount of scour around the WTG will be significant.  Since scour around the WTGs must be 
eliminated, the mitigation measures described in Section 7.0 will be implemented. 
 
6.0  ELECTRICAL SERVICE PLATFORM 
 
The methodology was also applied to complete an analysis of the anticipated scour conditions around the piles 
that will support the Electrical Service Platform (ESP) to be located within the array.  The ESP will be a 100-foot 
by 200-foot platform supported by 6 piles.  Each pile will have a diameter of 3.5 feet.  According to the 
methodology presented by Sumer and Fredsoe (2002), for adjacent piles to act as a group of piles by generating 
significant proximity or wake interference, they must be located within a distance approximately equal to five 
times the pile diameter.  Based on this methodology and the known spacing and diameter for the piles, each pile 
will act as a single pile.  Similar to the individual WTGs, for scenario 1, the supporting piles will act as large piles.  
For scenarios 2 and 3, they will act as slender piles. 
 
Table 3: Scour Conditions for Electrical Service Platform 

Scenario Depth 
(ft) 

d50

(ft) 
Scour Depth 

(ft) 
Maximum Scour Distance 

(ft from pile) 

1 28 0.0012 < 0.1 2.1 
2 28 0.0012 5.0 30.8 
3 28 0.0012 6.9 41.2 
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7.0  MITIGATION 
 
There are several methods for mitigating the effects of scour around piles.  They include placement of large 
stones, concrete mats, and artificial seaweed.   
 
Seabed Scour Control Systems (SSCS) has researched and developed a unique system, which incorporated into a 
cost-effective and internationally proven method, provides a permanent solution to the problem of scour without 
any necessity for future maintenance.  Ocean and Coastal Consultants, Inc., the United States representative for 
SSCS, has provided a proposal for the mitigation of scour.  Information in support of this proposed scour 
mitigation can be found in Appendix B. 
 
The SSCS system includes a grouping of seabed scour control mats anchored below the seabed.  The existence of 
fronds serves to reduce the water particle velocity at the seabed.  Suspended sediments settle on the mats as a 
result of the decreased velocity.  To reduce the risk of undermining of the mats and localized scour resulting from 
any gaps in coverage around the structure, the mats can be placed and anchored in orientations and shapes that 
allow for complete coverage of the area affected by scour (see Figure 4).  In addition to being effective in both 
shallow and deep water, and providing damage protection, the SSCS viscous drag frond system has been proven 
to eliminate scour conditions immediately upon installation. 
 
Although not necessary to eliminate any long-term, far-field effects, the incorporation of the SSCS system in the 
design of the array would completely mitigate the effects of local scour at each individual structure. 
 
8.0  CONCLUSION 
 
The analysis demonstrates that structure-induced scour will be localized around each WTG and that there is no 
potential for the Wind Park to adversely affect sediment transport on Horseshoe Shoal based on estimated scour 
depths and aerial extent of scour for individual WTGs.  Results using the methodology presented by Sumer & 
Fredsoe (2002) support the conclusion that scour conditions around the structures will be limited to local scour.  
Localized effects to sediment transport patterns may occur immediately around the foundation base.  However, it 
is expected that a localized sediment transport equilibrium condition will be reached shortly after construction of 
the Wind Park given the cyclic nature of both the tidal regime and scour.  The structures in the Wind Park are no 
less than 2,100 feet apart, and the maximum estimated scour distance from a WTG is approximately 60 feet 
(2.9% of the minimum distance between WTGs).  Considering the spacing between adjacent structures, the cyclic 
nature of marine scour, the predicted range of scour depths and aerial extent, and the determination in the WHG 
report that there is near zero sediment transport in the vicinity of Horseshoe Shoal, it is not realistic to conclude 
the presence of the array will have any long-term, far-field effects on the composition of Horseshoe Shoal.  
Similarly, based on the results of the analysis and spacing under the ESP, there will be no long-term, far-field 
effects on the composition of Horseshoe Shoal due to the construction or operation of the ESP.  Furthermore, 
localized scour will be fully mitigated trough the use of proposed scour countermeasure devices previously 
presented.  As a result, the proposed Wind Park will have no near or far field impacts on sediment transport 
within Nantucket Sound. 
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