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Abstract: In recent years, ocean current turbines have proven to be a reliable device for renewable
energy generation. A crucial element of these turbines are the foundations, since they limit the
displacement of the turbine, which is key in achieving efficiency in energy conversion, and can
account for up to 26% of the total cost of the project. Most design procedures for foundations focus on
sandy and clayey soils, but rock soils often predominate in tropical locations where marine currents
are suitable for the installation of this type of turbine. This paper presents a design procedure for
steel pile anchors (PAs) and concrete dead weight anchors (DWAs) on weak rock soils, using the
assumptions of current technical documents and design codes commonly used in the industry for
marine structures. Using specific designs for PA and DWA anchors, the procedure was theoretically
assessed for a site off Cozumel Island, Mexico. The results show that the dimensions needed for
DWAs are substantially larger than those for PAs. Therefore, whenever drilling is economically and
operatively possible, piles would be preferable for the foundations of current turbine systems.

Keywords: ocean current turbine; foundation design; dead weight anchor; pile anchor; limestone
seabed; design procedure

1. Introduction

In the present search for more sustainable forms of energy, ocean currents offer a
significant and relatively predictable source of power, for conversion into electricity. Ocean
currents have approximately seven times the energy density of wind currents. However,
as they are installed in a more demanding environment, biophysically, these technologies
are less developed. Turbines capable of exploiting those currents are usually submerged
structures, and so are a more attractive alternative in locations where aesthetics, hurricane
risk and navigation are a constraint. To attain maximum efficiency, these turbines require
an adequate foundation; otherwise, displacement may occur, resulting in malfunction,
or even the loss of the device. An informed choice of foundation is important, since it
accounts for 10–26% of the total cost of a project [1,2].

An ocean current turbine can be a fixed, or floating, device. The first is a rigid or
semi-rigid structure, which does not move from its installation site. This system does not
require any additional elements connected to the turbine and is suitable in shallow depths
of 20 to 60 m [3,4]. The installation of this type of foundation can be expensive and its
maintenance may be unaffordable [5]. To overcome these shortcomings, floating systems
have been developed, consisting of a turbine on a floating platform which is fastened to
an anchor by means of synthetic ropes, cables, or chains. The main advantage of floating
systems is that they can be installed in depths greater than 60 m [3].

The anchors that are in floating systems of marine current turbines are fluke, pile,
deadweight, and plate structures (see Figure 1). Fluke (or drag embedded) anchors are
installed by pulling on the anchor line and dragging it along the sea floor. Eventually, the
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fluke will penetrate the sea floor and the anchor will be embedded. Pile anchors (PA) are
installed either by hammering them into the ground, or by drilling and grouting them in
place, depending on the nature of the sea floor. Specific designs for marine rock anchors
have been presented by various companies. Marine Micropile Technology Ltd. (Dublin,
Ireland) developed drilled and grouted pile anchors for use in offshore projects to reduce
the cost for foundations [6], based on the technology used at onshore construction sites.
The installation uses a simultaneous drilling and grouting process, made possible by a
special pile tip that serves as both a drill bit and a nozzle for the grout. Another proprietary
rock anchor is presented in [7], in which the anchor and the drill bit are present in the
same unit. After installing the anchor in the rock, parts of it are expanded and pressed
against the bore hole by tensioning specific parts of the anchor. Both of these methods
are well developed at present, but very little information is given as to the underlying
calculations and design choices required in the earlier stages of a project. On the other
hand, deadweight anchors (DWAs) are simply placed on the sea floor and hold the turbine
in place by their sheer weight and friction with the sea floor. Plate anchors can be installed
using various methods, all requiring a metal rod or tube to push the anchor to the desired
depth below the seabed and then rotate them to their final orientation [8].
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(d) Plate.

The most relevant aspects to be considered in selecting an anchor type are:

• Local water depth;
• Type of seabed;
• Installation complexity;
• Characteristics of the turbine;
• Transportation of the system components.

Although initially the factor deciding the foundation type is the water depth, the
soil properties are the most important element to consider [4]. Depending on the type of
sea floor; fluke or plate anchors would be very complicated, even unfeasible, on a rocky
seabed [8].

In Mexico, the most suitable site for the installation of an electric power generation
plant based on ocean current turbines is off Cozumel Island in the Mexican Caribbean [9].
The current there is part of the ocean and wind-driven circulation system and so is persistent
all year round in direction and magnitude. Recent studies show the hydrokinetic energy at
this location offers great potential, both in shallow and deep water [10,11]. Unlike the sea
floor in most parts of the world, the seabed of the Mexican Caribbean is predominantly
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limestone, covered with a thin layer of finer sediment [12], something relatively common
in tropical and subtropical zones. The most suitable anchors for this type of soil are
deadweight (DWA) and pile anchors (PA).

While design methods for anchorage in clay and sandy soils are widely available [8],
there are fewer generic design procedures for DWAs and PAs for offshore structures.
Taylor [13] proposed a practical, up-to-date guide that enables an engineer to select the
type and size of anchor needed, including direct-embedment anchors, DWAs, and drag-
embedment anchors. Based on this work, VanZwieten et al. [14] proposed a preliminary
design process for estimating the geometry and required weight of the anchor. These
parameters are calculated using the components of the design forces, and the specific
weight of the material, which are not difficult to obtain. Technical documents such as:
DNV-OS-J101 [15] and API RP2A-WSD [16] are also available, which give guidelines for
design. In the case of PAs, various design procedures have been developed for offshore
structures [3,17–22], and there are technical design documents for these foundations, such
as API RP 2A-LRFD [16] and DNV-OS-J101 [15]. The design procedures are comprehensive,
proven, and almost identical, but they are only applicable for clayey and sandy soils.
However, there are potential sites, such as Cozumel, where ocean current turbines are
feasible and the predominant soil is mainly rocky.

Weak rock often has complex mechanical behavior, mostly dis-homogeneous and
anisotropic, due to the presence of defects or pre-existing discontinuities [23], and is
considered a mid-point between soil and hard rocky spoils. This means a specific design
procedure is needed, which considers its geotechnical properties [24]. The behavior of
weak rock is related to its secondary structure, that is, the spacing and thickness of the soil-
filled cracks and joints, and its compressive strength [25]. Therefore, placing foundations
on weak rock may result in greater displacements and deformations; specific calculation
procedures are needed. There are various procedures for the design of PAs in weak rock;
for example, Goodman [26], Abbs [27], Carter and Kulhawy [28], Gannon et al. [29], Zhang
et al. [30], Irvine et al. [31]; but all of these are related to onshore structures. Therefore,
existing design methods must be adapted, since anchors in or on rock behave significantly
differently to anchors in or on sandy or clayey soils. Despite this, to the best of the authors’
knowledge, there has been no research into the comprehensive design of ocean current
turbine anchors on weak rock.

This paper presents a design procedure for ocean turbine foundations, using steel piles
(PA) or concrete deadweight anchors (DWAs) on weak rock. It is based on the hypotheses
of technical documents such as: API RP2A-WSD [16], DNV-OS-J101 [15], IEC 62600-10 [32],
as well as the most commonly used procedures for the design of DWAs and PAs in weak
rock [14,25–31,33].

The main dimensions of the anchor are determined without considering specific
details, such as the connection between the pad eye and the anchor. The proposed method-
ology involves three main steps:

(i) Determining the preliminary design of the anchor (geometry);
(ii) Evaluating the structural capacity of the anchor; and
(iii) Computing the geotechnical capacity of the anchor on rock.

From these results, the most appropriate anchor design is selected.
The application of the proposed procedure is applied to an ocean current turbine

site in the Cozumel channel, Mexico. The article is organized as follows: In Section 2 the
procedure proposed is presented, divided into ultimate states, services, and fatigue limit
designs. Section 3 gives an application example, as well as design results, and Section 4
presents the conclusions of the work.

2. Proposed Design Procedure

In this section, a design procedure for DWA and PA on weak rock is presented, which
can be extrapolated for anchoring systems. A flow chart of the design procedure is shown
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in Figure 2. The procedure consists of satisfying the three limit states (see Figure 3) for the
design of offshore foundations/anchors.
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The limit states for the design of ocean current turbine anchors are very similar to
those of wind turbines [3,17]. The ultimate limit state (ULS) corresponds to the failure of
the anchor when its maximum load resistance is exceeded. This may occur due to factors
such as:

• Static equilibrium of the anchor is lost (whole or part), with a consequent failure
mechanism, such as overturning, sliding, uplift. The case of a total pile uplift is shown
in Figure 3a.

• Structural resistance is lost, leading to excessive yielding and the formation of a plastic
hinge or cracks in concrete elements. Figure 3b shows a steel pile with a plastic hinge.

• Component fracture (for example, in the connections).

The service limit state (SLS) corresponds to the tolerance criteria of the anchor response
to environmental loads being exceeded. This could include:

• Excessive displacements or rotations, leading to total, or partial, malfunction of the
turbine. In Figure 3c, the pile has not moved completely, but the device will no longer
generate electricity.

• Excessive vibration, limiting the performance of non-structural components.
• Differential settlements of the anchor, generating excessive rotation of the system. In

Figure 3d, the back-and-forth movement of the pile lessens the stability and safety of
the turbine.

The fatigue limit state (FLS) corresponds to long-term cyclic stresses and strains, which
lead to failure of the anchor. These may be derived from repetitive loads or dynamic actions
(i.e., wave loads, low frequency currents) acting on the anchor during its lifetime.

The ULS design has three phases, the first, preliminary design uses practical Equations
for ordinary structures, or the designer′s experience. Secondly, the capacity of the pre-
designed structure is evaluated. Then, in the third phase, the geotechnical capacity of the
anchor on rock is evaluated. In the SLS design, if required, the displacements and rotations
of the structure are determined and compared with the maximum values allowed, based on
research, technical documents, and design codes. Finally, in the FLS design, the cumulative
damage to the anchor, derived from repeated loads or dynamic actions using S–N curves,
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DNV-RP-C203 [34] for steel structures, and DNV-OS-C502 [35] for concrete structures, is
determined.

2.1. Ultimate Limit State Design

The ULS must be fulfilled in accordance with the recommendations of existing design
codes and technical documents for this type of structure, for example, API, DNV/DNV
GL, IEC. The structural capacity of the anchor in this type of soil governs the design, since
rock is more resistant than sandy or clayey soils. Therefore, the design procedure starts
with the structural capacity, followed by the geotechnical capacity.

2.1.1. Pile Anchors (PA)

Wind and ocean current turbines installed on fixed, or on floating platforms usually
have pile foundations [3]. Compared to other types of foundations, such as DWAs, pile
foundations have an important axial and lateral load capacity. However, pile foundations
are usually deployed in clay and sandy soils, due to the difficulty of drilling rock.

Preliminary Design

1. Initial parameters. The environmental and structural data for the design is collected,
these are specific parameters from the deployment site and device such as: character-
istics of the ocean current turbine, geotechnical parameters, and environmental loads,
such as marine currents. The mechanical properties of the steel are also needed; for
example, yield stress, Fy, ultimate stress, Fu, Young′s modulus, Es. The latter can be
obtained from the design codes and technical documents of steel structures API RP
2A-LRFD [16].

2. Structural analysis. Based on the loads obtained and using the procedures recom-
mended in the specialized literature [3,14], the mechanical elements are obtained,
namely: axial force, shear force, overturning moment, displacements and rotations.

3. Pre-dimensioning of the diameter. A preliminary pile diameter is proposed, based on
the designer’s experience or on practical recommendations.

4. Pile wall thickness. The thickness of the pile, tP, is determined using the following
Equation API RP2A-WSD [16]:

tP =

[
6.35 +

DP
100

]
(1)

where DP is the pile diameter in mm and tP is the thickness of the pile wall in mm.
5. Embedded length. The embedded length, Lr, is computed with the formula of Poulos

and Davis [36]:

Lr = 4
(

Es IP
nh

) 1
5

(2)

where Lr is the embedded length in m; Es is Young’s modulus of the steel, IP, is the
second moment of area (see Appendix A), and nh is the horizontal coefficient of the
subgrade reaction.

Structural Capacity

6. Axial capacity (structural). Anchors for floating structures are only loaded by tension
stresses. The structural capacity to axial loads is determined, based on API RP 2A-
LRFD [16]:

QRASP = φt,yFy Ap (3)

where Fy is the yield stress of the steel, Ap, is the cross-sectional of the anchor, and
φt, y is the resistance factor for axial tensile strength, which can be taken as 0.95 API
RP 2A-LRFD [16].
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7. Lateral capacity (structural). The shear capacity, QRLSP, of the pile can be determined,
using the following expressions [37]:

QRLSP =
φvs Fcr Ap

2
(4)

with
Fcr = max(Fcr1 , Fcr2 ) (5)

Fcr1 =
1.60 Es(

Dp
tp

) 5
4
√

Lr
Dp

(6)

Fcr2 =
0.78 Es(

Dp
tp

) 3
2

(7)

Fcr is the maximum value between Equations (6) and (7) and must not exceed 0.6 Fy.
The resistance factor for lateral strength, φvs is 0.90 LRFD [37].

8. Revision of structural capacity. To satisfy the design requirements, the total force on
the mooring system (Vd, Hd) must not exceed the axial (QRASP) and lateral capacities
(QRLSP). It is worth mentioning that buckling does not occur in anchors for floating.
However, it can be estimated by the Equations presented in DNV-OS-J101 [15]. If the
above requirements are not fulfilled, the pile geometry must be modified, and the
revision procedure restarted.

Geotechnical Capacity

In this section, the geotechnical capacity of piles on rock is determined.

9. Resistance of the pile shaft. The ultimate shaft resistance, Q f , can be calculated using
the following expression:

Q f =
N

∑
1

f A f (8)

where f is the unit outside shaft friction and N is the number of layers.

(a) Cohesionless Soil Interface

For piles in cohesionless soils, Q f can be calculated with Equation (9) API RP2A-
WSD [16]:

Q f = K p′0 tan(
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where ݏ௨ is the undrained shear strength, and ߙ is the adhesion factor.  
This factor is related to undrained shear strength, effective overburden pressure, and 

interface roughness [31]. 
(c) Chalk 

)A f < fl A f , (9)

where K is the coefficient of lateral earth pressure, p′0 is the effective overburden
pressure,
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ᇱ  can be found in [38]. 

(b) Cohesive Soil Interface 
For piles in cohesive soils, ܳ௙, is calculated using the following expression [16]: 

ܳ௙ = ௙ (10)ܣ௨ݏߙ

where ݏ௨ is the undrained shear strength, and ߙ is the adhesion factor.  
This factor is related to undrained shear strength, effective overburden pressure, and 

interface roughness [31]. 
(c) Chalk 

is the friction angle between the soil and the pile wall, A f is the surface
area of the pile shaft (see Appendix A), and fl is the limiting skin friction. Further
information regarding the definition of K, and p′0 can be found in [38].

(b) Cohesive Soil Interface

For piles in cohesive soils, Q f , is calculated using the following expression [16]:

Q f = αsu A f (10)

where su is the undrained shear strength, and α is the adhesion factor. This factor
is related to undrained shear strength, effective overburden pressure, and interface
roughness [31].

(c) Chalk

The widely accepted guidance on pile design in chalk provided by CIRIA [29] suggests
that the limiting skin friction varies between 30 kPa and 50 kPa for large- displacement,
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pre-formed piles in low to medium density chalk [39] defined the peak post-cyclic
shear strength, fs,limit, as:

fs,limit =

[
tan(δ)
tan(φ′)

]
su (11)

where δ is the steel-chalk interface friction coefficient, φ′ is the post peak internal soil
friction coefficient (from cyclic simple shear), and su is the undrained shear strength.

(d) Rock Socket Interface

A significant amount of research has been undertaken regarding the pile-rock interface
for rock socket piles. The roughness and cleanliness of the rock socket are important
factors in determining the pile-rock adhesion and have a significant influence on pile
load capacity. The limiting skin friction for grouted rock sockets is often governed by
the rock strength as follows:

Q f = αqu A f (12)

where α is the adhesion factor, which depends on socket roughness but is generally
taken as 0.1 for a smooth socket [29].

10. Geotechnical capacity. The axial geotechnical capacity, QRAGP, of piles driven into
rock depends on the resistance of the pile shaft, Q f , defined in Equations (8)–(12),
and the submerged weight of the pile, Wp (see Appendix A), given in Equation (A1).
Figure 4 shows free-body diagram of the pile anchor.

QRAGP = Q f + Wp (13)

Energies 2021, 14, x FOR PEER REVIEW  8 of 32 
 

 

The widely  accepted  guidance  on  pile  design  in  chalk  provided  by  CIRIA  [29] 

suggests  that  the  limiting  skin  friction  varies  between  30  kPa  and  50  kPa  for  large‐ 

displacement, pre‐formed piles  in  low  to medium density chalk  [39] defined  the peak 

post‐cyclic shear strength,  𝑓௦,௟௜௠௜௧, as: 

𝑓௦,௟௜௠௜௧ ൌ ቈ
𝑡𝑎𝑛ሺ𝛿ሻ

𝑡𝑎𝑛ሺ𝜙´ሻ
቉ 𝑠௨  (11) 

where  𝛿  is the steel‐chalk  interface friction coefficient, 𝜙′  is the post peak  internal soil 
friction coefficient (from cyclic simple shear), and  𝑠௨  is the undrained shear strength. 

(d) Rock Socket Interface 

A  significant  amount  of  research  has  been  undertaken  regarding  the  pile‐rock 

interface  for  rock  socket  piles.  The  roughness  and  cleanliness  of  the  rock  socket  are 

important factors in determining the pile‐rock adhesion and have a significant influence 

on pile load capacity. The limiting skin friction for grouted rock sockets is often governed 

by the rock strength as follows: 

𝑄௙ ൌ 𝛼𝑞௨𝐴௙  (12) 

where  𝛼  is the adhesion factor, which depends on socket roughness but is generally taken 

as 0.1 for a smooth socket [29]. 

10. Geotechnical capacity. The axial geotechnical capacity,  𝑄ோ஺ீ௉, of piles driven  into 

rock depends on the resistance of the pile shaft, 𝑄௙, defined  in Equations (8)–(12), 

and the submerged weight of the pile, 𝑊௣ (see Appendix A), given in Equation (A1). 
Figure 4 shows free‐body diagram of the pile anchor. 

𝑄ோ஺ீ௉ ൌ 𝑄௙ ൅ 𝑊௣  (13) 

 

Figure 4. Free‐body diagram of a pile anchor. 

The lateral geotechnical capacity, 𝑄ோ௅ீ௉, is calculated using the so‐called P–Y curves; 

for  example, Carter  et  al.  [28], Reese  [25], Gabr  et  al.  [40],  and Zhang  et  al.  [30]  (see 

Appendix B). 

11. Geotechnical design revision. The acting design loads on the pile,  ሺ𝑉ௗ, 𝐻ௗሻ, must not 

exceed the geotechnical capacity,  ሺ𝑄ோ஺ீ௉, 𝑄ோ௅ீ௉ ሻ. Otherwise, the diameter must be 

reviewed  and  adjusted  accordingly,  followed  by  a  re‐evaluation  of  the  anchor, 

starting the design procedure, from Step 3. 

   

Qf

Wp
Dp

FA

Lr

z

dz

Figure 4. Free-body diagram of a pile anchor.

The lateral geotechnical capacity, QRLGP, is calculated using the so-called P–Y curves;
for example, Carter et al. [28], Reese [25], Gabr et al. [40], and Zhang et al. [30] (see
Appendix B).

11. Geotechnical design revision. The acting design loads on the pile, (Vd, Hd), must not
exceed the geotechnical capacity, (QRAGP, QRLGP ). Otherwise, the diameter must be
reviewed and adjusted accordingly, followed by a re-evaluation of the anchor, starting
the design procedure, from Step 3.

2.1.2. Dead Weight Anchors

A dead weight anchor (DWA) is made of concrete, without steel reinforcement, and
must have the necessary weight to bear the environmental demands and the action of the
turbine. The advantages of this type of anchoring are that they do not requiring drilling; in
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comparison with embedded anchors such piles, they can be built from materials commonly
used for onshore structures and can be easily recovered from the installation site.

The design procedure for DWAs considers the so-called shear keys, which increase
the lateral anchor holding capacity by inducing failure in the soil and not at the anchor soil
interface [14].

Using an iterative process, the precise size of the anchor and shear keys can be used to
determine the weight needed to resist sliding, QAD, and the overturning moment, Md (see
Figure 5).
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Preliminary Design

1. Initial parameters. The design criteria for DWAs are available in the literature as well
as experimental design data [3,14,17]. In addition, the designer needs to gather the
mechanical properties of the concrete, such as Young’s modulus, Ec, and compressive
strength, f ′c , among others. These parameters can be obtained from the concrete
structure design codes and technical documents, for example, ACI 318-08 [41].

2. Structural analysis. A structural analysis of the system is carried out, based on
the loads obtained. From this analysis, the mechanical elements of the system are
obtained: axial force, shear force, overturning moment, and displacements.

3. Anchor weight. A preliminary anchor design is made. At this point, the Equations
proposed by van Zwieten et al. [14] can be used. To resist sliding on cohesionless soils
the required submerged weight, WDWA is calculated using the following Equation:

WDWA =
Hd

tan(φ− 5◦)
+ Vd (14)

where Hd = FA cos(ζ) is the horizontal component of the anchor loading, φ is
the angle of internal friction of the sediment, and Vd = FA sin(ζ) is the vertical
component of the anchor loading.

ζ is the angle between the anchor loading and a horizontal line.

4. Anchor diameter.

Anchor without shear keys
The minimum anchor width/diameter (B) can be determined by:

B =

[
6WDWAHd

γc(WDWA −Vd)

] 1
3

(15)
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where γc is the submerged specific weight of the anchor material (concrete).
If shear keys in the DWA are required, see Appendix C. Maximum height: The

maximum height, Hm, for the connection of the mooring line, above the base of the anchor,
can be determined as suggested by Taylor [13] as:

Hm =
B (WDWA −Vd)

6Hd
(16)

The length of the cubical anchor needed to achieve the required weight can be deter-
mined by:

LDWA =
WDWA

γc HmB
(17)

The height of the cylindrical anchor needed to achieve the required weight can be
determined by:

HDWA =
4WDWA
γc π B2 (18)

If the height HDWA is greater than Hm, B should be modified; otherwise HDWA is
considered the height of the structure.

5. Overturning moment. The overturning moment of the structure, Md, is determined
based on following Equation:

Md = WDWA

(
B
2

)
−Vd

(
B
2

)
− Hd HDWA (19)

The load eccentricity , e, is determined using:

e =
Md
Vd

(20)

Geotechnical Capacity

In this part of the procedure proposed, the geotechnical capacity of the structure is
determined, using the formulation indicated in DNV-OS-J101 [15].

6. Effective dimensions. To determine the bearing capacity, an effective base area is
needed (see Appendix C). Bearing capacity: In fully drained conditions, the gen-
eral formula below can be applied for the bearing capacity of a foundation with a
horizontal base, resting on the soil surface:

QRAGD =
1
2

γsoilbe f f Nγsγiγ + p′0Nqsqiq + cdNcscic (21)

where Nc, Nq, and Nγ are the bearing capacity factors, cd design cohesion, iγ, iq, and
ic are the inclination factors, p′0 is the effective overburden pressure at the level of the
foundation-soil interface, and sγ, sq, and sc are shape factors (see Appendix C).

For undrained conditions, which imply φ = 0, the following formula for the bearing
capacity applies:

QRAGD = sudN0
c s0

c i0c + p′0 (22)

where N0
c is the bearing capacity factor, i0c is the inclination factor, p0 = 0 is the effective

overburden pressure, s0
c is the shape factor, and sud is the undrained strength of the design,

assessed from the actual shear strength profile, load configuration, and estimated depth of
the surface that potentially fails (see Appendix C).

7. Sliding capacity. The sliding capacity for drained conditions can be determined by
the following Equation:

QRLGD =
(

cd Ae f f + Vd tan(φ)
)

µ (23)
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In the case of undrained soils:

QRLGD = µ
(

sud Ae f f

)
(24)

More detailed research on how to determine the sliding capacity for this type of
structure can be found in [42,43].

8. Design revision. The acting forces (Vd, Hd) must be less than the resistant axial and
sliding forces (QRAGD, QRLGD). If this condition is not fulfilled, the preliminary
design is modified, and the design process started again.

Structural Capacity

9. Axial capacity (structural). The tensile capacity, QRASD, of the structure is determined
using the following Equation ACI 318-08 [41]:

QRASD = 0.8
(

ϑ
√

f ′c
)

AP (25)

where Ap is the cross-sectional area of the anchor (DWA) and ϑ is a parameter defined
based on the type of concrete (ACI 318-08 [41]).

10. Lateral capacity (structural). The shear-resistant capacity, QRLSD, of the anchor is
determined using the following Equation [41]:

QRLSD = φvc

[
0.17

(
1 +

Vd
3.5 Ap

)
ξ
√

f ′c Bd
]

(26)

with the characteristic length (d = 0.8). Where φvc is the resistance factor for shear design
(typically 0.75), and ξ is a modification factor reflecting the reduced mechanical properties
of concrete [41].

11. Sliding capacity. The sliding capacity can be determined by (see Figure 5):

QRSSD = µ N f = µ [WDWA −Vd] (27)

where N f is the normal force, and µ is the friction coefficient.
Revision of structural capacity. The resistant axial (QRASD) and lateral capacity

( QRLSD) must not be exceeded by the design load, (Vd, Hd) If these conditions are not
fulfilled, the geometry of the structure must be changed, and the design process must be
started again. In addition, the capacity should be checked for sliding (QRSSD ≥ Hd).

2.2. Service Limit State Design

The following is to determine whether the anchor satisfies the displacements and
rotations for the service limit state (SLS) of the case of piles.

2.2.1. Pile Anchors
P–Y Curves

In order to satisfy the SLS conditions, the long-term behavior of the piles must be
analyzed, based on DNV-OS-J101 [15]. The main parameters are the accumulated rotation,
ςacc, and deflection, yacc, or, equivalently, the strain accumulation at the mudline level.
To determine the deflections of the piles, p–y curves are generally used [44–46]; this
methodology is based on the Winkler approach [47]. These curves are commonly defined
for clayey and sandy soils, but in the case of weak rocks, such as weak mudstone, sandstone,
and carbonate materials, different formulations for P–Y curves have been proposed (see
Table 1). Appendix B shows the procedure to determine the P–Y curve for the case of weak
rock.
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Table 1. Reference for P–Y curve construction for various rocky soils.

Type of Soil Reference for P–Y Curves

Calcareous
Wesselink et al. [48]
Williams et al. [49]

Dyson and Randolph [50]
Weak rock Reese [25]

Weak carbonate rock Abbs [27]
Weak calcareous claystone Fragio et al. [51]

Strong rock Turner [52]
Massive rock Liang et al. [53]

As the contribution of the shaft resistance and base resistance are not considered in this
procedure [3,17], p–y curves do not apply for large-diameter piles. These curves predict the
stiffness of the structure [45], which can have a direct impact on the calculated deformations,
rotations and dynamic properties of the pile. For this reason, many researchers have been
developing design procedures for large-diameter stock piles, for instance, Zdravković
et al. [54] and Byrne et al. [55]. Procedures to calculate deflections and rotations on weak
rock have been provided by various authors; for instance, Ashour et al. [56] and Carter and
Kulhawy [28] studied the behavior of flexible and rigid shafts socketed into rock, subject to
lateral loads and overturning moments. Zhang et al. [30] extended this approach to predict
the nonlinear lateral load-displacement response of rock socketed shafts. The procedure
considers subsurface profiles consisting of a soil layer overlying rock.

After calculating long-term deflections and rotations, these are compared to the
maximum loads allowed in the design codes. The initial deflection, yo, and accumulated
deflection, yacc, must be less than 0.2 m; the initial rotation, ς0, must be less than 0.5◦, and
the accumulated rotation, ςacc, must be less than 0.25◦ [3,17]. If these criteria are not met,
the pile geometry must be modified, and the design process restarted.

2.2.2. Deadweight Anchors

One of the most significant parameters in determining whether the DWA satisfies the
SLS is the formation of cracks. DNV-OS-C502 [35] states that design parameters do not
cause permissible damage to the anchor due deflections and vibrations. This guarantees
that the behavior allows the ocean current turbine to generate the amount of electrical
energy it was designed to produce. To check that any cracks in the concrete structure are
not significant, DNV-OS-C502 [35] proposes the following condition:

σ1 ≤
ftn

k1
(28)

where σ1 is the principal tensile stress, ftn is the normalized structural tensile strength of
concrete, and k1 is a constant value used in the calculations of crack (Table O3) DNV-OS-
C502 [35].

In the event of the combined action of axial stress and bending moment, the following
condition must be satisfied:

(kwσN + σM) < kw
ftn

k1
(29)

where σN is the stress due to axial force (positive tension), σM is the edge stress due to
bending alone (positive tension), and kw is the coefficient dependent on cross-sectional
height, defined by:

kw = 1.5 –
h
h1
≥ 1.0 (30)

where h1 = 1.0 m.
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2.3. Fatigue Limit State Design
2.3.1. Fatigue Analyses

Fatigue analyses are used to estimate the number of loadings cycles the structure can
withstand during its lifetime. This is usually carried out using either the accumulated
damage model (i.e., Miner’s rule) or a detailed fracture mechanical study. In cases where
the maximum stress amplitude does not exceed the fatigue limit amplitude for 107 cycles
DNV-RP-C203 [34], or in early design stages, the accumulated damage model based on
S–N curves might be sufficient.

In this study, the accumulated damage model is used, which is based on S–N curves.
More detail can be found in DNV-OS-J101 [15]. As wave forces are the main cause of
fatigue damage in offshore structures, other factors, such as periodic changes of wind and
currents, are often neglected. In cases where the influence of other environmental factors
should not be ignored, a more advanced fatigue model, based on simulations, might be the
better choice, as per DNV-OS-J101 [15]. The accumulated damage model separates the sea
states into different blocks of the same wave height and period, with their corresponding
return period, TR. In industry, often only the wave height is used to define the block. In
such cases, the corresponding wave period should be estimated accordingly. Miner’s rule
gives the accumulated damage DR in the reference period by:

DR =
I

∑
i = 1

ni
Ni

(31)

where ni denotes the number of load cycles in the i-th block, i is the total number of blocks.
The design life Ni can be understood as the number of load cycles which would

damage the structure with the same loads as in the i-th block. The number of load cycles
(ni) can be estimated by:

ni = TR
pi
Ti

(32)

where pi is the relative probability of the i-th block and Ti is the wave period corresponding
to i-th block. In this study, the simplified block definition, based only on wave height, is
used. Therefore, the corresponding wave period must be estimated. DNV-OS-J101 [15]
gives a possible range of periods for a given significant wave height. To obtain conservative
results, the lower boundary for the wave period is chosen:

Ti = 11.1

√
Hi
g

(33)

where Hi denotes the wave height of the i-th block and g the gravitational acceleration.
The period corresponding to the service life, TL, of the structure can then be obtained

by:

TL =
TR
DR

(34)

2.3.2. S–N Curves
Steel Anchors

Steel anchors generally consist of a steel tube with a pad-eye welded to the top end
of the tube. The holes, joints, and especially the welds are prone to crack under load
conditions and should be analyzed accordingly. S–N curves for welded joints are defined
in DNV-RP-C203 [34] and DNV GL-ST-0126 [57]. The design life, Ni (predicted number of
load cycles to failure), of the weld is defined by:

logNi = loga−mlog

∆σi, f

(
t

tre f

)k
 (35)
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with the cyclic load range, ∆σi, f , given by:

∆σi, f = σi,max − σi,min (36)

where t is the material thickness, tre f the reference thickness, σi,max and σi,min the maximum
and minimum stresses in the weld due to cyclic loads, respectively.

The factors k, log a, and m depend on the number of load cycles and the type of
welding and can be taken from Table 2-2 and Table 2-3 in DNV-RP-C203 [34] (page 14f).
For welds parallel to the stress direction, S–N curves of C1 type should be used. For welds
perpendicular to the stress direction and flush-ground welds, S–N curves of C1 type are
also used, while curves D and E should be used for perpendicular welds not greater than
10% and 20% of the weld′s width, respectively.

Concrete Anchors

S–N curves for the design life of offshore concrete structures (reinforced and unrein-
forced) can be found in DNV-OS-C502 [35]. If made of concrete, DWAs are normally not
reinforced, for which the corresponding S–N curves are defined as:

log10Ni = C1
1− σi,max

frd

1− σi,min
frd

(37)

where Ni is the predicted number of load cycles to failure, frd is the compressive strength for
the specific failure type, σi,max the maximum compressive stress, and σi,min the minimum
compressive stress.

The minimum compressive stress should be considered as zero in case of tension (i.e.,
negative values). C1 should be taken as 10 when σi,max and σi,min are both positive (i.e.,
compression-compression load case) and as 8 when σmin is negative (i.e., compression-
tension load case). In case log Ni is greater than χ, which is defined as:

χ =
C1

1− σi,min
frd

+ 0.1C1
(38)

The design life can be extended to:

logNi
′ = C2logNi (39)

where Ni
′ is the extended design life and the factor C2 is given by:

C2 =
(
1 + 0.5

(
log10Ni − χ

))
≥ 1.0 (40)

3. Application of the Design Procedure

This section details the design procedure as applied to pile and DWA-type anchors for
an ocean current turbine. The PA cross-section is circular, hollow, and made of steel, while
the DWA is cylindrical in shape and made of concrete.

3.1. Case Study

In Mexico, the most suitable site for the deployment of ocean current turbines is off
Cozumel Island, in the Caribbean Sea [9], as there is a persistent current from the NE.
Data on the water depth in the shallow regions of the Cozumel Channel close to Cozumel
Island can be found in [10,12]. In April 2019, a bathymetric survey was carried out as
part of the CEMIE-O 1 research expedition around Cozumel Island. The multibeam echo
sounder, Kongsberg ES 302, was used to gather the data presented in Figure 6. Across
the transection, marked P1 on the mainland side and P2 on the island side, a bathymetric
profile of the Cozumel Channel is given (see Figure 7). The raw data were interpolated
using the function griddata and its cubic interpolation method, which is part of the scipy.
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interpolate Python module [58]. In the first phase of the project, a small-scale turbine is to
be installed in the shallower region, close to P2, as suggested in [10]. At those depths, the
seabed is composed of a thin layer of fine sand with limestone below [12]. In the second
phase of the project, a full-size turbine will be installed in the central part of the channel at
water depths of about 400 m, for which a fixed structure is unfeasible, so a floating design is
needed for the small-scale turbine as well; the marine current data were obtained from [10].
The turbine used in this example is an ocean current.
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The main difference between the ocean current turbine used in this example and other
ocean current turbines is the persistence of the harnessed current. Generally, this type of
turbine must adapt to a shift in the direction of the current every six or 12 h, depending on
the location. The turbine discussed, off Cozumel, is not subject to significant shifts in the
current. The turbine is installed on a platform of two floaters that provide the necessary
buoyancy, and a strut connecting them with the turbine. The platform is moored to the
seabed by cables and anchors, with the axis of the turbine aligned parallel to the flow. The
turbine has three blades, and its rotor has a diameter of dr = 1 m; in addition, this device
will be anchored at a water depth of h = 35 m, 20 m above the seabed [10]. It is considered
that the maximum deflection of the turbine from its equilibrium position (i.e., without
environmental loads such as waves and currents) will not exceed 0.5 m in the vertical. The
platform is attached to four mooring lines which, lower down, join into a single line which
is attached to the anchor. In this way, the anchor only needs to resist the forces on the single
line.

Table 2 summarizes the mechanical properties of the materials used, the soil found on
the construction site, and the principal data of the turbine.
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Table 2. Design parameters.

Parameter Symbol Value Unit

Structural Steel (A36)
Yield stress Fy 25 MPa

Tensile strength Fu 400 MPa
Modulus of elasticity of steel Es 200 GPa

Specific weight γs 7860 kN m−3

Structural concrete
Concrete Compressive Strength f ′c 35 MPa

Specific weight γc 23.6 kN m−3

Limestone
Specific weight γ′s 26.5 kN m−3

Coefficient of subgrade reaction nh 80 MN m−3

Sand
Internal friction angle of the soil φ 30 degrees

Specific weight γ′s 17 kN m−3

Effective overburden pressure p′0 10 kN m−2

Material factor γφ 1.2 -
Friction coefficient µ 0.5 -

Turbine
Rotor diameter dr 1 m
Drag coefficient CD 8/9 -

Length of mooring line lM 20 m
Allowed vertical deflection dv 0.5 m
Design depth of operation z 10 m

Environment
Design ocean current vc 2.5 m s−1

Design tidal current vt 0 m s−1

Design wave height DWHd 7 m
Design wave period Td 9 s

Design wind speed at 10 m height v10m 15 m s−1

Local water depth d 30 m
Water density ρw 1025 kg m−3

3.2. Design Considerations

The design requirements for anchors of ocean current turbines depend on many
different factors. Their description and evaluation are beyond the scope of this work.
Detailed information on design values or the required return period of the sources of
environmental loads, and their respective load factors can be found in technical documents
and design codes, such as IEC 62600-2 [59]. In the following section, the environmental
loads are highly simplified, the purpose being solely to generate a representative load
case and demonstrate the behavior of the design procedure presented. Eventually, these
simplified approaches should be replaced by a more comprehensive mooring study for
real problems, but they do give valuable insight into expected loads for the early stages
of the design process. For those studies, mooring simulation tools can be used, such as
ProteusDS [60]. Furthermore, the design is based only on a single load case, where the
turbine is operating at its design depth and subject to the effects of the design current,
design wave, and design wind. All load cases can be found in [59].

3.2.1. Environmental Interaction

Ocean current turbines and their anchors are subject to loads from a wide range of
sources, such as hydrostatic pressure, currents, waves, tides, wind, ice, earthquakes, and
collision with man-made objects. The considered construction site is not a seismic area,
thus loads due to seismic actions can be ignored. Furthermore, this work only considers
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environmental loads that are transmitted by the mooring line to the anchor; however, in
some cases, direct interaction of the anchor with the water may be necessary to consider.
For subsurface moorings, the environmental loads are caused primarily by the local velocity
of the water. Hence, regarding environmental loads, this work is focused on water velocity
and its main drivers: ocean currents, tidal currents, waves, and wind. Ocean currents
are part of the oceanwide circulation systems and are caused by prevailing winds, and
gradients in temperature and salinity. Tidal currents are a result of the periodic rise and
fall of the water level and depend highly on the bathymetry and geometry of the ocean
basin [61]. Based on IEC 62600-2 [59], the velocity at hub height can be understood as the
vector sum of those four sources:

→
v∞ =

→
vc +

→
vt +

→
vw +

→
va (41)

where
→
v∞ denotes the undisturbed velocity,

(→
vc

)
is the velocity of the ocean current,

(→
vt

)
is the tidal velocity,

→
vw is the wave induced velocity, and

→
va is the wind induced velocity.

The velocity of the ocean current and the tidal velocity can be taken from technical
documents or can result from extreme value analysis. Both the induced velocity from
waves and from wind can be indirectly estimated via parameters of the design wave and
design wind, as shown below. It should be mentioned that additional to those four drivers,
the engineering design may need to evaluate other drivers or even non-linear velocity
components as well.

3.2.2. Wave-Induced Velocity

Both Airy wave theory and the second-order wave theory give precise results for
the requirements of most offshore engineering problems [17]. Waves induce velocities in
horizontal (i.e., in direction of wave propagation) and vertical directions, both of which
are periodic in nature. Applying the second-order wave theory, maximum and minimum
horizontal velocities are defined as:

vw = ±ζaω
cosh(κ(d− z))

sinh(κd)
+

3
4

ζ2
aκω

cosh(2κ(d− z))
sinh4(κd)

(42)

where ζa denotes the wave amplitude,ω is the angular frequency, κ the wave number, d
the local water depth, and z the depth below the mean sea level (MSL).

The linear term in Equation (42) is taken as positive for the maximum velocity, and
negative for the minimum velocity.

3.2.3. Wind-Induced Velocity

Based on IEC 62600-2 [59], wind effect is negligible in 20 m depth and below. The
induced velocity is a result of wind shear [61] and presents a linear behavior in the upper
20 m of the water column [15]:

va = 0.01va,ref

(
1− z

20

)
(43)

where va,ref is the one hour mean wind speed 10 m above MSL and z the depth below MSL.

3.2.4. Horizontal Force on the Mooring System

To extract energy from the current flow, its momentum must be changed, requiring a
drag force to be exerted on the flow. The related reactional force, exerted by the current
on the rotor, has an axial and radial component with respect to the rotational axis of
the rotor. The radial component creates the torque, which is used to generate electricity,
while the axial component can be understood as rotor drag. Considering only the case
where the turbine is in operational mode, the drag force can be conservatively estimated
following Betz Law [62]. Assuming the rotor is operating at the maximum theoretical
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power coefficient, CP = 0.59, the rotor drag coefficient can be estimated as Cdrag = 8
9 [63].

Thus, the drag force is:

FD =
4
9

ρwv2
∞ Ar (44)

where Ar is the sweep area of the rotor, and ρw is the density of water.
For ocean current turbines, the rotor thrust accounts for roughly 81% of the total

horizontal load of the system [14]. Hence, the thrust force, FH , can be estimated using the
following Equation:

FH =
FD
0.8

=
5
9

ρwv2
∞ Ar (45)

3.2.5. Total Force on the Mooring System

The loads affecting the mooring system require detailed analysis and simulation,
which is usually performed with specialized tools, such as ProteusDS software [60]. How-
ever, this study concentrates on the design of the anchor and the estimation of the loads
on the anchor using simple physical relations and assuming a single mooring leg design.
The total force on the mooring line is a function of the horizontal force estimated with
Equation (45) and of the vertical load due to the buoyancy of the platform.

The mooring line is idealized as a straight line and ignoring the submerged weight
of the mooring line and fluid loading for simplicity, the load on the mooring line is equal
to the load on the anchor. In Figure 8a, the deflection of the system due to the horizontal
load is depicted. Figure 8b shows the free body diagram of the turbine and the anchor
point, assuming no elongation of the mooring line. Based on this and simple geometric
relations, the required buoyancy force needed to limit the vertical deflection to dv under
the horizontal load, FH , can be calculated as:

FB =
FH(lM − dv)√

2lMdv − d2
v

(46)

The resulting force on the mooring line (FM) can then be derived from:

FM = FB
lM

lM − dv
(47)

Under the given assumptions, the total force, FA, must be equal to the force on the
mooring line, FM:

FA = γ
FH lM√

2lMdv − d2
v

(48)

where lM denotes the length of the mooring i.e., the height above seabed in its initial
position, dv is the maximum vertical displacement allowed, towards the platform, γ is the
resistance factor, and FH is the horizontal force.

The effective angle of the mooring, αM, from the vertical can be determined by:

αM = arccos
[

1− dv

lM

]
(49)
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3.3. Design Results and Discussion

A summary of the design results is presented in Table 3. To perform the calculations,
SMath [64] was used.

As can be seen in the design procedure, it is the structural component which de-
termines the design in pile, because the structural strength is higher compared to the
geotechnical capacity. In the case of the DWA, the opposite behavior is presented; this
is because this anchor is not directly in contact on limestone, but there is a sand layer.
The Figure 9 shows the P–Y curve, where, for a horizontal load of 43 kN (load design),
the approximate deflection is 1 mm, so the pile behavior is linear elastic. Therefore, the
maximum allowable deflection of 20 cm is satisfied.

Figure 10 gives a comparison between diameter and weight as a function of the
strength of the structure. As can be seen, steel piles have greater strength than DWAs of
the same diameter. However, the weight of the structure is significantly more, which can
have a direct effect on the cost of construction and transportation.

Table 3. Design results.

Parameter Symbol Value Unit Equation

Load Design
Final load of system FA 100.0 kN (48)

Pile
Diameter Dp 10.0 cm -

Wall thickness tp 7.6 mm (1)
Area moment of inertia Ip 243.0 cm4 (A1)

Embedded length Lr 144 cm (2)
Surface area of the pile shaft Af 4606 cm2

Weight Wp 184.0 kN
Axial capacity (structural) QRASP 428.1 kN (3)

Lateral capacity (structural) QRLSP 128.4 kN (4)
Axial capacity (geotechnical) QRAGP 4120.7 kN (13)

Lateral capacity (geotechnical) QRLGP 454.6 kN
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Table 3. Cont.

Parameter Symbol Value Unit Equation

Dead Weight Anchor
Weight WDWA 188.2 kN (14)

Diameter B 2.00 m (15)
Height of the mooring line

connection point Hm 1.92 m (16)

Height of the cylindrical anchor HDWA 2.03 m (18)
Overturning moment Md 58.9 kN-m (19)

Axial capacity (geotechnical) QRAGD 231.2 kN (21)
Sliding capacity (geotechnical) QRLGD 26.5 kN (23)

Axial capacity (structural) QRASD 10190 kN (25)
Lateral capacity (structural) QRLSD 2113.7 kN (26)
Sliding capacity (structural) QRSSD 22.4 kN (27)
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Figure 9. P–Y curve of pile application example.
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4. Conclusions and Recommendations

A new design procedure for ocean current turbines anchors on weak rock was pro-
posed. It is easy to apply, since it uses Equations provided in technical documents and
design codes that are normally used in industry; it is also possible to use tools common in
the design of structures, such as spreadsheets. The iterative procedure consists of a prelimi-
nary anchor design that can be modified to satisfy the limit states considered. From the
preliminary geometry, the structural capacity is determined, followed by the geotechnical
capacity on rock to resist the loads corresponding to ULS. Finally, the anchor is revised
against the requirements for the SLS and FLS.

The proposed procedure was applied for a turbine prototype to be deployed off
Cozumel Island, Mexico. A floating turbine with a single mooring line was chosen for this
project, as this enables the device to be passively oriented in the marine current. Great
differences between the anchors were seen in terms of their weight and dimensions. The
lack of slope at the installation site makes the use of a DWA feasible. The required weight for
a DWA is significantly higher than that of the pile anchor, and this is directly proportional
to the cost of the anchor, making this a relevant consideration. Although the cost of the
material is an important parameter for the choice of anchor, there are other parameters
to consider, such as availability of raw materials, manufacturing costs, transportation,
installation, and decommissioning (if required). The following conclusions can be drawn:

(e) Both anchor designs showed satisfactory results based on the stipulations in the rele-
vant design codes and technical documents. However, to guarantee this conclusion, it
is necessary to carry out additional design tests.

(f) For relatively small projects, DWAs are the better option. In larger projects, piles
are more suitable, especially if the dimensions of the DWA mean that expensive
transportation and installation equipment are required.

(g) The deflection presented in the pile satisfies the maximum permissible value corre-
sponding to the recommendations indicated in the technical documents for marine
structures design.
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Nomenclature

Symbol Description
→
v∞ undisturbed current speed
→
va wind induced velocity
→
vc current velocity
→
vt tidal velocity
→
vw wave induced velocity
h1 parameter defined as 1.0 m
Ae f f effective area
A f surface area of the pile shaft
Ap cross-sectional area of anchor
Ar area of rotor sweep
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Symbol Description

C1 type of cyclic stress factor
C2 extended lifetime factor
Cdrag drag coefficient of the rotor
Cp power coefficient
DP pile diameter
DR accumulated damage
DWHd design wave height
Ec Young′s modulus of concrete
Eir Initial modulus of rock
Es Young′s modulus of steel
FA final load on the anchor
FB required buoyancy force
FD maximum theoretical drag
FH load produced by the turbine chain
FM resulting force on the mooring line
Fcr critical strength
Fu ultimate stress
Fy yield stress
HDWA height of the cylindrical anchor
Hd horizontal anchor loading
Hi wave height of the i-th block
Hm maximum height of the mooring line connection point above the base of the anchor
IP area moment of inertia of the pile cross section
Kp passive earth pressure coefficient
LDWA length of the cubical anchor
Lr embedment length
Md overturning moment
Nc, Nγ, Nq bearing resistance factor for drained conditions
N0

c bearing resistance factor for undrained conditions
N f normal force

Ni
number of load cycles which would damage the structure under same load patterns
as in the i-th block

N′i
number of load cycles which would damage the structure under same load patterns
as in the i-th block, considering extended design life

QRAGD axial structural capacity of DWA

Ni
number of load cycles which would damage the structure under same load patterns
as in the i-th block

N′i
number of load cycles which would damage the structure under same load patterns
as in the i-th block, considering extended design life

QRAGD axial structural capacity of DWA
QRAGP axial geotechnical capacity of pile
QRASD axial structural capacity of DWA
QRASP Axial structural capacity of pile
QRLGD sliding geotechnical capacity of DWA
QRLGP lateral geotechnical capacity of pile
QRLSD lateral geotechnical capacity of DWA
QRLSP Lateral structural capacity of pile
QRSSD sliding structural capacity of DWA
Q f ultimate shaft resistance
TL period of service life
TR reference period
Td design wave period
Ti wave period corresponding to i-th block
Vd vertical anchor loading

V′d
lateral capacity of a deadweight anchor with full-base keying skirts in cohesionless
soil
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Symbol Description

WDWA submerged weight of dead weight anchor
Wk submerged weight of each shear key
Wp submerged weight of pile
Zs depth to the bottom of the skirts
a Factor, directly related to intercept of log N-axis of S–N curve (log a)
be f f , le f f effective dimensions
cd design cohesion
dv maximum permitted vertical deflection of the platform
f ′c compressive strength of concrete
fl limiting skin friction
frd compressive strength of concrete for specific failure type in fatigue analysis
fs,limit peak post-cyclic shear strength
ftn normalized structural tensile strength of concrete (Table C1) DNV-OS-C502
i0c inclination factor for undrained conditions
iγ, iq, ic inclination factors for drained conditions
k1 constant, used in calculations of crack width (Table O3) DNV-OS-C502
kir dimensionless coefficient defined by Equation (A5)
krm dimensionless coefficient in the range of 0.0005 and 0.00005
kw coefficient dependent on cross-sectional height
lM length of the mooring
le, be dimensions defined in Appendix C
le f f , be f f effective dimensions in Appendix C
nh horizontal coefficient of subgrade reaction of the soil
ni denotes the number of load cycles in the i-th block
nsk number of shear keys
p′0 effective overburden pressure at the level of the foundation-soil interface
pa elastic lateral pile resistance
pi relative probability of the i-block in fatigue analysis
pu ultimate pile resistance
qe embedment force of shear keys
qu soil’s uniaxial unconfined strength
sc, sq, sγ shape factors for drained conditions
s0

c shape factor for undrained conditions
su undrained shear strength
sud design undrained strength assessed based on the shear strength profile
tP pile wall thickness
tk shear key thickness
tre f reference thickness
v10m design wind speed at 10 m height
va induced velocity
va,re f one hour mean wind speed 10 m above MSL
vc design ocean current
vt design tidal current
vw maximum and minimum horizontal velocity
ya elastic limit pile deflection
yacc accumulated pile deflection
yo initial pile deflection
yu ultimate pile deflection
αM effective angle of the mooring
αr strength reduction factor
γc submerged specific weight of the anchor material (concrete)
γk specific weight of the anchor shear keys
γs specific weight of structural steel
γsoil submerged unit weight of soil
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Symbol Description

γw specific weight of water
ζa wave amplitude
ρw water density
ς0 initial pile rotation
ςacc pile’s accumulated deflection rotation
σ1 principal tensile stress
σM edge stress due to bending alone (positive tension)
σN stress due to axial force (positive tension)
σi,max maximum stress due to cyclic load for i-th block in fatigue analysis
σi,min minimum stress due to cyclic load for i-th block in fatigue analysis
φd parameter defined by Equation (A26)
φs tangent of the friction angle at depth Zs.
φt, y resistance factor for axial tensile strength (0.95)
φvc resistance factor for shear strength for concrete anchor (0.75)
φvs resistance factor for shear strength for steel anchor (0.9)
h cross-section height
w friction angle between the soil and the pile wall
B minimum anchor width/diameter
K coefficient of lateral earth pressure
N number of layers
RQD rock quality designation
c cohesion of the soil
d local water depth
e eccentricity of the vertical force
f unit outside shaft friction
g gravitational acceleration
i total number of blocks
k exponent on thickness, for fatigue analysis
m negative inverse slope of S–N curve
p load per pile length unit
t material thickness
y pile deflection
z depth below MSL
∆σi, f cyclic load range for i-th block in fatigue analysis
α adhesion factor
δ steel-chalk interface friction coefficient
ζ angle formed between the turbine chain and the anchor
κ wave number
µ friction coefficient

ξ
modification factor that reflecting the reduced mechanical properties of concrete,
ACI 318-08

ς pile rotation
χ dimensionless parameter
ω angular frequency
ϑ parameter defined based onthe type of concrete
φ internal friction angle of the sediment
φ′ post peak internal soil friction coefficient

Appendix A

This Appendix shows some complementary Equations to calculate the geometrical
and mechanical properties of piles anchors.

Second moment of area. The area moment of inertia of the pile cross section, Ip, can
be determined using the following expression:

IP =
1
8
(

Dp − tp
)3tp (A1)
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The surface area of the pile shaft, A f , can be obtained using the following Equation:

A f = πLrDp (A2)

Pile weight. The submerged weight of the pile
(
Wp
)

is determined by:

Wp = ApLr(γs − γw) (A3)

where γs is the specific weight of steel and γw is the specific weight of seawater.

Appendix B

In the case of weak rock, the shape of the p–y curve is based on Reese [25] and is made
up of three sections of behavior (see Figure A1). The first section corresponds to the elastic
range, the second to non-linear behavior, and the third to when pile stiffness is lost. The
input parameters that define the curve are given in Table A1.

Table A1. Parameters that define p–y curves on weak rock.

Parameter Symbol Unit

Uniaxial unconfined strength qu kPa
Strength reduction factor αr -

Dimensionless coefficient in the range of 5 × 10−4 and 5 × 10−5 krm -
Initial modulus of the intact rock Eir kPa

The elastic section of the curve, with deflections y ≤ ya is given by:

p = kirEiry (A4)

where kir is a dimensionless coefficient that accounts for changes, given by:

kir =

{
100 + 400 z

3Dp
0 ≤ z ≤ 3Dp

500 z > 3Dp
(A5)

The elastic limit displacement, ya, is given by:

ya =

(
pu

2 kir
(
krmDp

)0.25

)4/3

(A6)

where pu is the ultimate lateral resistance, taken as:

pu =

{
αrquDp

(
1.0 + 1.4 z

Dp

)
0 ≤ z ≤ 3Dp

5.2αrquDp z > 3Dp
(A7)

The parameter αr accounts for the fracturing of the rock. Reese [25] suggests taking
αr = 1

3 for rock quality designation RQD = 100, and decreasing linearly to RQD = 0. The
p–y curve for the plastic range with y ≥ ya and p ≤ pu is given by:

p =
pu

2

(
y

krm b

)0.25
(A8)
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Appendix C

This Appendix shows complementary Equations for calculating the geometrical and
mechanical properties of dead weight anchors.

Shear keys for DWA
The lateral capacity of this type of anchor with full-base keying skirts in cohesionless

soil is computed as:

V′d = (WDWA −Vd) tan(φs) + Kpγsoil
1
2

Z2
s B (A9)

The coefficient of lateral earth pressure, Kp, can be defined using the following Equa-
tion:

Kp = tan2
(

45◦ +
φ

2

)
(A10)

Then, the minimum anchor width/diameter is:

B =

(
6 WDWAHd

γc(WDWA −Vd − 0.3Hd)

) 1
3

(A11)

The number of shear keys, nsk, is calculated from:

nsk =

(
200(WDWA −Vd) tan(φ− 5◦)

Kpγsoil B3

) 1
3

(A12)

The thickness of the shear keys, tk, is obtained from:

tk = 0.042
(

γsoil B3

Vd

) 1
2

(A13)

The submerged weight of each shear key, Wk, is estimated using the following Equa-
tion:

Wk = 0.05γkB2tk (A14)

The embedment force of the shear keys, qe, can be determined from:

qe =
γsoil B2

400
[
20tk Nq + B tan(φ− 5◦)

]
(A15)
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where γk is the specific weight of the anchor shear keys, γsoil is the submerged specific
weight of the soil, Nq is the bearing resistance factor, φ is the effective angle of internal
friction, Zs is the length of the skirts, and φs is the friction angle of the soil at depth Zs.

Effective area of DWA
For a quadratic area, the effective area, Ae f f , can be defined as:

Ae f f = be f f le f f (A16)

where be f f , le f f are the effective dimensions (see Figure A2).
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Figure A2. Quadratic footing with two approaches to make up the effective foundation area, based on
DNV-OS-J101 [15]. (a) Load eccentricity with respect to only one symmetry axis; (b) Load eccentricity
with respect to both symmetry axes.

Eccentricity with respect to one of the two symmetry axes of the foundation.
In Scenario 1, load eccentricity is determined with respect to only one of the two

symmetry axes of the foundation. The effective dimensions are calculated using the
following expressions:

be f f = B− 2e (A17)

le f f = B (A18)

where e is the eccentricity of the vertical force
Eccentricity with respect to both symmetry axes of the foundation.
Scenario 2. Load eccentricity is determined with respect to both symmetry axes of the

foundation. The effective dimensions are calculated using the following expression:

be f f = le f f = B−
√

2e (A19)

Circular anchors.
In the case of structures with a circular base, the effective dimensions can be calculated

by:

be f f = 2
[

1
2

B− e
]

(A20)

with

le f f = B

√
1−

[
1−

be f f

B

]2

(A21)

The effective area, Ae f f (see Figure A3) can be calculated by:

Ae f f = 2

[
B2

4
arccos

2e
B
− e

√
B2

4
− e2

]
(A22)
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Figure A3. Circular and octangular footings with the effective foundation area marked out, based on
DNV-OS-J101 [15].

Based on the above, Ae f f can be represented by a rectangle with dimensions be f f and
le f f .

le f f =

√
Ae f f

le
be

(A23)

be f f =
le f f

le
be (A24)

Additional parameters to calculate bearing capacity in fully drained conditions
Design cohesion

cd =
c

γc
(A25)

φd = atan
(

tan(φ)
γφ

)
(A26)

Load factors

Nq = exp(π tan φd)

[
1 + sin φd
1− sin φd

]
(A27)

Nc =
(

Nq − 1
)

cot φd (A28)

Nγ =
3
2
(

Nq − 1
)

tan φd (A29)

when bearing capacity formulas are used to predict the reaction forces of the soil on the
foundations, the calculation of Nγ should be made using the following Equation:

Nγ = 2
(

Nq − 1
)

tan φd (A30)

Shape factors are defined by the following expressions:

sq = sc = 1− 0.2
be f f

le f f
(A31)

sγ = 1− 0.4
be f f

le f f
(A32)
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Inclination factors are defined by the following expressions:

iq = ic =

[
1− Hd

Vd + Ae f f cd cot φd

]2

(A33)

iγ = i2q (A34)

These formulae apply to foundations which are not embedded. However, other
formulae may be applied to embedded foundations, which will give conservative results.
Alternatively, depth effects associated with embedded foundations can be calculated based
on formulae given in DNV-OS-J101 [15].

Additional parameters to calculate bearing capacity for undrained conditions
In the case of undrained conditions, the bearing capacity factors are defined by:

N0
c = π + 2 (A35)

s0
c = sc (A36)

i0c = 0.5 + 0.5

√
1− Hd

Ae f f ·sud
(A37)
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