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ABSTRACT

The offshore deployment of floating offshore structures such as wind turbines or wave energy
converters is expected to strongly increase during the next decade, to face the appetite for
green energy sources. The growing size of these structures’ dimensions, inducing very large
mooring forces, makes the anchoring solution adopted a critical issue for the commercial
success of floating marine energy farms.

The upscaling of the screw anchor technology from onshore to the offshore environment has
been recently proposed as an efficient way of providing a large tension capacity while their
installation generates far less noise and vibrations than impact pile driving. Most of recent
studies on screw anchors have focused on separated geotechnical problems such as their
uplift capacity or installation requirements. This paper incorporates within a single procedure
geotechnical and structural constraints to calculate the optimal anchor geometry able to
maximise the uplift capacity available.

Performance envelopes for screw anchors have been derived in a parametric study, covering
a broad range of soil conditions as well as in a case study, representative of offshore
conditions. Results show that single screw anchors are more efficient (e.g. shorter and lighter)
than driven piles to sustain tension loading. The results presented in this study support the
applicability of screw anchors to be used as part of the mooring system for wave energy
converters. However, tension requirements for tension-leg platform wind turbines would
probably require the use of group of anchors.
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1. INTRODUCTION

Current research in offshore geotechnical engineering concerning foundations and anchoring
is dominated by the lateral loading, e.g. for monopiles (Burd et al., 2019) or for catenary
mooring systems (Fontana et al., 2018). However, some floating or fixed-bottom structures
generate significant vertical tension on their foundations/anchors, as shown in Figure 1. This
figure summarises tension capacity requirements for offshore foundations, obtained from the
literature for specific case studies, derived from analytical, experimental or numerical
assessment.

Tension-leg platforms for the Oil & Gas industry (Randolph and Gourvenec, 2011) have large
tension requirements (up to 17MN for a jacket, but up to 240MN for a group of anchors for
tension-leg platform) while tension-leg floating wind turbines (Bachynski and Moan, 2012;
Oguz et al., 2018) require an uplift capacity in the range of 8-18MN per fairlead (connection
between the mooring line and floating structure). Jacket (Davidson et al., 2019) or tripod (Byrne
and Houlsby, 2015) fixed structures for offshore wind turbines resist large overturning
moments through push-pull action (i.e. compression/tension load, of the order of 10-20MN).
Wave energy converters vary in size, but the largest may require a vertical capacity of several
MN (Gaudin and O’Loughlin, 2018; Herduin et al., 2018) due to the inclination of taut mooring
lines or consist of a single point absorbed with a single vertical mooring line (Vicente et al.,
2013a). In contrast, floating net-cage systems used in aquaculture also require an engineered
anchoring solution for offshore deployment in exposed waters (Huang et al., 2008), although
typically of a lower order of magnitude (~0.2MN).
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Figure 1 Tension capacity requirement as a function of the water depth for aquaculture, wave energy
converters (WEC), bottom-fixed offshore wind turbines (Fixed OWT), floating wind turbines (Floating
OWT) and Oil & Gas industry applications (installed -group- anchor capacity)

Pile and suction anchors are common solutions to resist purely vertical tension loading
(Aubeny, 2017). However, they resist such actions principally through the mobilisation of
friction along their shaft and their own self weight, which may not be very efficient. The
installation of suction caissons in some soil profiles (e.g. in coarse-grained soils) may also
prove complicated (Sturm, 2017) and expensive per foundation unit (Aubeny, 2017). Suction
embedded plate anchors (SEPLA) or dynamically embedded plate anchors (DEPLA) are two
recently developed installation methods allowing the deployment of plate anchors, although
their installation is mainly restricted to cohesive soils.



Onshore screw or helical anchors have been widely used to found light structures or anchor
communication towers (Clemence and Lutenegger, 2015; Perko, 2009a). They are composed
of one or several steel helices attached to a central core (or shaft). They are installed into the
soil through the application of a torque and a compression (or ‘crowd’) force at their top. Screw
anchors have recently been proposed for offshore applications (Al-Baghdadi et al., 2017a;
Byrne and Houlsby, 2015; Davidson et al., 2018b) as they have several advantages in addition
to their high uplift capacity, including reduced environmental impact (as low vibrations or sound
are generated during their installation), an ability to be easily removed by applying torque in
the opposite direction (design for decommissioning) and ability to be installed in varied soil
conditions. As a downside, screw anchors are more complicated to manufacture than a straight
shafted pile, although relatively large geometries (Dn =0.76m) have already been used for
bridge foundations (Harnish et al., 2017) demonstrating the feasibility of this technology. They
also require the development of new tools for their installation offshore to provide the large
torgues required for installation.

The literature on screw or helical anchors is mainly focused on the study of relatively small
diameter (<0.5m) helices (ElI Sharnouby and El Naggar, 2012; Li et al., 2018; Sakr, 2009;
Tsuha et al.,, 2007). However, their use as offshore foundations will require a significant
upscaling of the anchor dimensions to resist vertical loads of several MN (as shown in Figure
1), but also lateral loading (Al-Baghdadi et al., 2017a; Cerfontaine et al., 2019a; Davidson et
al., 2019; Hong-yan et al., 2018).

To date, the torque required for the installation of screw anchors has mainly been investigated
using correlation factors (Kr) which have previously been proposed to empirically estimate the
uplift capacity from the measured installation torque (Ghaly et al., 1991; Harnish et al., 2017,
Tsuha and Aoki, 2010) and vice versa. However, recent studies have shown that the torque,
as well as crowd force, necessary to install such screw anchors might pose a significant hurdle
for their use offshore (Al-Baghdadi et al., 2017b; Davidson et al., 2019) and require accurate
estimations for varying pile geometries in different soil types.

Many different uplift capacity calculation methods have been developed for plate and screw
anchors, all based on an assumed failure mechanism (Cerfontaine et al., 2019b). This
mechanism is usually considered as deep or shallow based on the helix relative embedment
ratio (H/Dn) (Meyerhof and Adams, 1968; Mitsch and Clemence, 1985), where H is the height
of soil above a buried helix and Dy is the helix diameter. The approach proposed by Giampa
et al. (2017) considers that where a shallow failure mechanism occurs it has the shape of a
truncated cone whose lower base is formed by the upper-most helix, as shown in Figure 2(a).
This approach has been shown to be consistent with centrifuge tests in independent studies
with and without installation effects (Cerfontaine et al., 2019a; Hao et al., 2019).

While many previous studies have addressed geotechnical issues (e.g. capacity and
installation requirements), relatively few have tried to identify the load distribution in the anchor
structural elements (Papadopoulou et al., 2014; Schiavon et al., 2017), its structural design or
practical construction. The objective of this work is to derive a methodology enabling a rapid
optimisation of screw anchor design in sand and the identification of the achievable
performance envelope, considering installation, capacity and structural constraints.

The originality of this work lies in the combination of the structural and geotechnical constraints
for the optimisation of upscaled screw anchors for offshore applications. While for most
onshore applications, the installation and structural requirements can mostly be met, these
requirements limit the available capacity for offshore applications. In addition, the bending
moment in the helix was explicitly investigated and compared with the analytical approach
adopted in the following, which is usually neglected. This paper presents a holistic design
method combining all geotechnical and structural constraints. The method enables the
determination of a quick design chart, identifying the maximum capacity that can be achieved
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for an optimised anchor geometry for given soil conditions. Finally, a comparison between the
uplift capacity of anchors and driven piles for a case study has been proposed for the first time,
guantifying the advantages of screw anchors.

The soil-structure interaction is firstly analysed, based on numerical modelling results validated
against centrifuge tests, to identify the load distribution and bending moment acting on the
helix during uplifting. The different structural and geotechnical constraints limiting the uplift
capacity are then defined based on simplified procedures informed by the soil-structure
interaction results. The procedure is illustrated through a parametric study to define the
performance envelope of screw anchors in three sandy soil conditions. Finally, the efficiency
of screw anchors is demonstrated by comparison with driven straight piles in tension for a case
study in Dunkirk sand.

2. SOIL STRUCTURE INTERACTION

The following section illustrates how a more accurate understanding of the soil-structure
interaction between the soil and the anchor can be used to identify suitable design loads. A
schematic free body diagram of a shallow anchor embedded in sand is represented in Figure
2(b). It is assumed that the shallow failure mechanism resulting from the application of the
vertical load Fy is a truncated cone whose base is in contact with the helix (Giampa et al.,
2017). To ensure the force equilibrium of the soil wedge, the shear stress distribution along
the failure mechanism (7s0i) must be balanced by the internal normal distribution acting on the
helix (o’n) and shear stress distribution along the core (7c).
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Figure 2 (a) Sketch of the anchor geometry and assumed failure mechanism. (b) Free body diagram of
the soil-screw anchor system (shear stress along the helix and normal stress along the failure
mechanism and the core are not represented for clarity)

A 2-step approximate numerical procedure (using the Finite Element software PLAXIS (2017))
has been previously established and validated against centrifuge tests to simulate the load-
displacement relationships of screw anchors (Cerfontaine et al., 2020) under monotonic uplift
loading, accounting for the effects of installation on the stress field within the soil. The
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behaviour of a particular anchor (helix diameter 1.7m, core diameter 0.88m, relative
embedment ratio 7.4) embedded in dense sand (Relative Density, D; = 84%) and described in
detail in (Cerfontaine et al., 2020; Davidson et al., 2019) is given below as an example. The
helix is idealised as a horizontal plate attached to the shaft, which has been proven
experimentally (Hao et al.,, 2019) and numerically (Al-Baghdadi, 2018) to be a good
approximation.

The soil was modelled by the hardening soil constitutive law with small strain deformation
(Schanz et al., 1999), which has been widely used and calibrated at the University of Dundee
(Al-Defae et al., 2013; Cerfontaine et al., 2019b; Knappett et al., 2016) for the HST95 sand as
a reference and utilised in previous screw pile studies. The steel pile was modelled by plate
finite elements based on the Reissner-Mindlin theory (Zienkiewicz and Taylor, 2000). The soil-
structure interaction was controlled by interface finite elements with a Mohr-Coulomb
constitutive model. The mesh was composed of triangular 15-node elements (PLAXIS, 2017)
whose size is refined close to the anchor. The details of the modelling can be found in
Cerfontaine et al. (2020).

The comparison of the numerical (Num.) and centrifuge (Exp.) vertical load F, versus vertical
displacement uy relationship is depicted in Figure 3(a). The total load acting at the head of the
anchor obtained numerically slightly overpredicts the capacity obtained experimentally, defined
as the maximum vertical load. The stiffness of the anchor (relevant for hydrodynamic studies
of floating system performance at working load) can also be determined to a high level of
accuracy. Figure 3(b) shows that at low uplift displacement, the share of the load carried by
the helix is much larger than that carried by the anchor’s core. Both load components increase
with increasing uplift displacement, but the relative load sharing between the helix and the core
decreases and increases respectively. A similar trend was observed for two other simulations
(Cerfontaine et al., 2020), but not presented here) that were also validated against centrifuge
data (an anchor at lower H/Dy, in dense sand and medium-dense sand respectively), although
the magnitudes of load carried by the helix (and core) were different at failure (75% of the total
capacity was sustained by the helix in medium-dense sand).

Figure 4 shows the axial load distribution within the plate finite elements simulating the anchor
core, for the simulation shown in Figure 3. The jump clearly visible at 12.5m depth represents
the connection of the helix to the core. The magnitude of this jump represents the load carried
by the helix. The core share is calculated as the difference between the total load measured
at the top of the anchor and that at the helix depth. Figure 4 indirectly shows that the stress
distribution along the core is non-linear. Indeed, the core load at failure increases rapidly close
to the helix up to approximately two helix diameters above the helix (i.e. between 12.5m and
8m) and is approximately constant above this. Identifying the normal stress distribution acting
on the helix will prove important in the following design optimisation, as these loads induce
bending of the helix plate that must be limited to avoid structural failure. The redistribution of
stress between the shaft and the helix, and shear stress enhancement close to the helix have
already been observed for a different type of anchor (tie-rod and extruding sockets) by Pisano
and di Prisco (2014).
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Figure 3 (a) Comparison of the uplift load (Fy) -displacement (uy) relationship obtained through finite
element simulations and decomposition between helix and core shares for a screw anchor embedded
in dense sand at a relative embedment depth equal to H/Dn=7.4. (b) Relative shares of the load carried
by the helix and the core with respect to the total uplift load.
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3. SIMPLIFIED DESIGN APPROACH FOR ANCHOR SIZING
3.1. Screw anchor geometry

The anchors considered here are composed of a core and a single helix, as shown in Figure
5. The anchor core is defined by its diameter D, its wall thickness t. and its length H, which is
assumed identical to the embedment depth of the helix mid-plane. The actual length of the
core will probably be slightly longer in practice, for instance to ensure competent connection
of the helix to the core through welding and/or addition of a particular tip design. The helix is
characterised by its diameter Dy, its plate thickness t, (not necessarily constant over the helix)
and its pitch pn. All of these dimensions are considered as design variables in the following
optimisation, except for the pitch dimension, which is kept constant and equal to Dyn/3. This
dimension is within the range typically found within documented field studies (0.15Dx-0.33Dr)
as summarised in Cerfontaine et al. (2019a) which may have arisen empirically to take account
of larger soil units to avoid clogging of the helix.

L
!

Figure 5 Schematic of the single helix anchor geometry where D core diameter, t; core thickness, Dy
helix diameter, t, helix thickness, pn helix pitch and H helix embedment (Note the width to length ratio
is exaggerated in the schematic).

3.2. Installation requirements

A torque is applied at the top of the anchor core to screw it into the ground. In practice, it is
recommended that the penetration rate of the anchor must be equal to one helix pitch pn per
helix rotation (Perko, 2009b), to ensure a true helical movement (referred to as pitch matched
or perfect installation) and limit soil disturbance. Subsequently, a vertical compression (crowd)
force must be applied accordingly to enforce this vertical displacement.

A method has been developed and validated against centrifuge tests (which maintained an
installation of one helix pitch penetration per helix rotation) to estimate the force and torque
requirements with depth, based on Cone Penetration Test (CPT) in-situ test data (Davidson et
al., 2020, 2018a). A thorough comparison between several prediction methods and centrifuge
tests has been undertaken by Davidson et al., (2020).

The torque T(H) can be decomposed into several components related to the core T,, to the
base T,, and to the helix T,,. Each component is calculated independently as a function of
geometrical variables, CPT results and interface properties:

T(H) = Tc (Dcz' C_Ic (H)» a, H) + Tb (ch. C_IC(H)I 5crit) + Th(Dﬁ, Dcsr _c (H): a, th: KO) (1)
where g.(z) is the averaged cone resistance q. over z = H + 1.5D;, 8.+ iS the critical sand-

steel interface friction angle and K, is the coefficient of lateral earth pressure at rest based on
the sand critical state friction angle (¢.:) through the Jaky formula (Jaky, 1944). The stress
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drop index a (Lehane et al., 2005) is used to calculate the lateral stress acting on the anchor
and defined as F./tan ., where F, is the CPT friction ratio. The crowd force F, .(z) can be
estimated following a similar methodology

Fy,c(H) = FC(DC' C_IC(H)' 6crit: H) + Fb (Dczv _C(H)) + Fh(szu Dcz' _C(H)' th'KO) (2)
The detailed equations of the method are provided in section 10.

The force and torque required to install an anchor whose helix diameter Dy is equal to 1.5m in
dense sand (D = 82%) is given in Figure 6 as a function of the installation depth H for several
core diameters D.. These values might become very large as depth increases, limiting the
practical achievable embedment of the helix as a function of the installation equipment that is
available. For instance, one of the largest current onshore installation devices, the ‘silent piler
GRV2540’ is able to install straight piles up to a diameter of 2.5m with a maximum torque equal
to 3BMNm (Giken, 2018). However, the offshore industry has already demonstrated its
capabilities to upscale traditional technologies and installation techniques, e.g. monopiles have
grown from a couple of meters in diameter to almost 8m for the most recent wind farms (Negro
et al., 2017).

The magnitude of the compression force F, . calculated in Eq. (2) is extremely large, which can
be a limiting factor for the installation of screw anchors. However, one of the hypotheses of the
force prediction method is that the screw anchor has a flat solid base or is fully plugged during
its installation. Consequently, the major contribution to the total force F,. is the base
component F,,. In practice the rotary jacking installation of an open-ended anchor will reduce
the plugging effect (Deeks et al., 2010), decreasing the total compression load at the base.
The use of a pointed tip for a close-ended anchor will also decrease this required compression
load. Therefore Eq. (2) is an upper bound for practical applications.
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Figure 6 Torque T and force F, . requirement associated with the installation of an anchor (Dn = 1.5m)
in dense sand (D, = 82%) for different core diameters Dc. The corresponding soil parameters are given
in Table 2 and the corresponding CPT data in Figure 12.



3.3. Core section structural requirements

The core section must be able to resist the combined shear and normal stresses resulting from
the crowd force and torque application during the installation. In the different cases considered
below, this combined load in the core is always more severe during installation than during
uplifting (service). Therefore, the core section verification is undertaken only for the installation
phase. The installation torque T generates a circumferential shear stress t in the annular core
such that the maximum shear stress is obtained from

—16T De 3
LTI DE— (D, — 2t.)* (3)

which converges towards Bredt’s formula at low wall thickness. In addition, the vertical crowd
force generates a vertical normal stress o, inside the section such that

4 £ .

> T w07 = (0 - 2t @

The equivalent Von Mises stress g, . is then calculated to verify that the yield limit of the steel
core section f, is not exceeded:

Oeqec = ’aﬁ +312<f, (5)

In addition, there is a limitation on the core wall thickness t, to ensure it is practically possible
to manufacture it. It is assumed to be no larger than 10% of the core diameter D. and lower
than 100mm in any case. This is in accordance with thick pile dimensions that can be found in
various manufacturers’ catalogues, e.g. (JFE, 2019).

The compression force within the core increases with the anchor length and helix embedment.
Consequently, there is a risk of buckling of the core, which is only partially restrained at its tip.
Solving the buckling problem of partially embedded piles is complex (Gabr et al., 1997; Heelis
et al., 2004). Therefore, a simplified approach was adopted. The rotation and lateral
displacement restraint at the anchor tip increase with depth as the lateral stress and stiffness
within the soil increase, as show in Figure 7(a). In addition, the helix restrains the rotation of
the pile with respect to its neutral axis. Therefore, the critical elastic load within the pile F, .,
was calculated based on the assumption that the base of the anchor was clamped, but the top
of the core is free to rotate and move laterally, as depicted in Figure 7(b). Therefore, the formula
for the first mode elastic buckling of a column was considered using Euler’s well-known Euler
equation

El
Fy,cr(H) = T[ZW = Fy,c(H) (6)

where E is the Young’s modulus of the core and I is its second moment of area. The coefficient
K depends on the support conditions of the column, e.g. a cantilever column in this case (K =
2). For a given embedment depth of the anchor, the critical buckling load F, ..(H) must be
larger than the crowd force F, .(H) required to install it at this depth. This approach is very
conservative as the soil around the core will provide additional restraint against buckling, as
previously shown (Heelis et al., 2004). However, the method’s main advantage is its simplicity
and that it does not require any additional data. Local buckling of the core wall is not
investigated as the hollow closed sections are of class 1-3 as defined in (Eurocode, 2005).
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Figure 7 Idealisation of the screw anchor buckling (a) with a partial soil restraint, (b) as a base
clamped problem

3.4. Uplift capacity (geotechnical performance requirements)

The uplift capacity F, of plate and screw anchors in coarse-grained soils is mostly dependent
on the failure mechanism developed within the soil. Many methods have been proposed to
assess the capacity of these anchors, as summarised in (Cerfontaine et al., 2019b). The
approach proposed by (Giampa et al., 2017), assuming a shallow failure mechanism that
develops from the edge of the anchor up to the surface, inclined at the angle of dilatancy p to
the vertical, was found to be consistent with centrifuge tests of different anchor geometries and
soil conditions from the literature (Cerfontaine et al., 2020; Hao et al., 2019):

k= [1 + Fs 1 + Fs, (i)z] Y’ ED}%H (7)
Dy, Dy, 4
Fgy = 2Fy; 8
Fs, = g Eys tan, ©
E,s = tan, + cos (¢p — Yp)(tan ¢, — tanyhy) (10)

where Fg ,, Fs, and F, ; are uplift factors, ¢,, and y,, and the sand peak friction and dilatancy
angles and y’ is the buoyant sand unit weight. These equations result from the weight of the
shallow wedge of soil moved upwards above the helix and the integration of the shear stress
mobilised along the failure mechanism that develops minus the vertical component of the
normal stress. F,, is the uplift factor for plane strain conditions initially defined by White et al.

(2008) and madified for axisymmetric conditions by Giampa et al. (2017). The normal and
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shear stress mobilised on the failure surface are assumed to decrease linearly with depth up
to the surface.

Initially, the method represented by Equations (7)-(10) was developed for anchors whose
relative embedment ratio H/Dn was limited to 5 (Giampa et al., 2017). Results of recent
centrifuge tests have shown that this approximation of uplift capacity is still appropriate up to
H/Dn equal to 7.4 (Cerfontaine et al., 2019a). However, the displacement required to fully
mobilise the failure mechanism increases with depth. It lies between 0.1Dy and 0.2Dy, at H/Dy,
equal to 7.4, while 0.1Dy, is sometimes used as a practical limit used to define the anchor failure
(Sakr, 2009). Therefore, it has been decided herein to limit the maximum relative embedment
ratio H/Dn to 8, in order to ensure Eq. (7) is still valid (shallow mechanism) and the
displacement at failure remains limited to acceptable values.

3.5. Helix bending

A significant load acts on the helix during both the installation and the anchor uplift generating
a bending moment at the helix-core connection. The helix is idealised as a plate clamped to
the central core with a full moment fixity (i.e. no rotation while within the elastic range), as
shown in Figure 9. For a given depth, the uplift load is calculated through Eq. (7) while it is
possible to identify the load acting on the helix during installation based on Eg. (2). The
maximum of these two loads, Fymax, iS used to calculate the maximum bending moment. As a
first approximation, it is assumed the maximum load is transferred through the helix as a
distributed constant load g such that
4Fy,max

" w0 - DD )

q

The maximum horizontal stress resulting from the bending moment in the helix plate is
obtained through the approach proposed by Timoshenko and Woinowky-Krieger (1959)

qDj
Oy = ka < fy (12)

where k is a constant that depends on the Dy, /D, ratio and varies as reported in Table 1. In
addition, it is assumed that the maximum helix plate thickness is limited to 200mm at the helix-
core connection. Although the helix thickness could be variable in practice, it is assumed
constant in this case.

DW/Dc[] 125 15 2 3 4
k[] 0.135 0.410 1.04 2.15 2.99

Table 1 Coefficient k as a function of D, /D, (Timoshenko and Woinowky-Krieger, 1959)
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Figure 8 Idealisation of the shallow failure mechanism and helix bending
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The actual distribution of normal stress acting on the helix plate for the simulation presented
in section 2 is represented in Figure 9(a) at given values of uy/Dn. Results correspond to the
finite element simulation presented in Section 2. The normal stress is a maximum at the helix-
core connection and decreases non-linearly to zero at the edge of the helix plate. The actual
maximum normal stress observed numerically is always lower than the uniform stress
considered in Eq. (11), which assumes that the entire uplift capacity is sustained by a vertical
load applied onto the helix. In reality, only a fraction of the total capacity is actually transferred
to the core through shearing, as described in section 2, leading to a lower loading of the helix.

Similarly, the bending moment at the helix-core connection obtained as a direct result from the
horizontal plate finite elements for the simulation presented in section 2 (hereafter termed
‘Plate FE result’) is depicted in Figure 9(b), as a function of the uplift displacement. It is
compared to the bending moment obtained through Eq. (12) by considering either the total
uplift load (F,) acting on the helix at a given value of u,/Dn (Eq. (11)) or the ultimate capacity
(F,, in Figure 9) calculated through Eqg. (7). Results show that the analytical approach
overpredicts the bending moment in the plate, which is conservative. In addition, the design
approach can accommodate a possible load redistribution between the shaft and the helix
during cyclic loading, as discussed in (Schiavon et al., 2016).

(a) (b)
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Figure 9 Uplift simulation of an anchor (D = 0.88m, Dy = 1.7m) embedded in dense sand (D; = 84%).
(a) Normal stress distribution acting on the helix plate for relative displacement u,/Dn equal to 0.02, 0.03,
0.11, 0.19 and 0.29. (b) Evolution of the bending moment M at the helix-core connection with vertical
uplift displacement.

It is assumed that the connection between the helix and the core consists of two weld joints,
as depicted in Figure 10(a). It is further assumed that the shear load is evenly split between
the two weld joints, while the moment is resisted through a couple of horizontal forces F of
equal magnitude and opposite direction, as shown in Figure 10(b). The normal and shear
stress acting along the weld throat aw (Figure 9(c)) are calculated to balance these two loads
and the section strength is calculated through the Von Mises criterion (see Appendix) (EN1193-
1-8, 2005).

In all cases considered in this paper, it was observed that if a sufficiently large weld throat can
be achieved (ho more than 35mm) and the yield strength of the joint is equal to that of the
helix, the plate bending criterion is often more detrimental than the connection. This is valid for
the case of monotonic loading and does not consider a possible fatigue effect within the welded
joints. The true helix shape, which is different from a plate, could also create a more complex
stress distribution at the connection.
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A recent 1-g experimental study has demonstrated that the compression bearing capacity of
screw piles which have undergone permanent helix bending were lower than undeformed piles
(Malik et al., 2019). This phenomenon was due to a modification of the soil movement around
the deflected helix. This is not considered in the present case because the criterion adopted
for the helix bending ensures no yielding of the helix occurs. Consequently, there is no
permanent deflection of the helix. In addition, the loading applied in tension is lower than in
compression, as shown for instance in (Davidson et al., 2019; Sakr, 2009).

a b c
Core (a) (b) (c)
Helix ;\
t, lQ M EGW\\
F T
: m
Weld joint | 7 l

Figure 10 Loading of the weld joint (a) Bending moment M and shear load Q that must be transferred to
the core (b) Loads acting on the weld joints (c) Stress state along the upper weld throat aw

4. PARAMETRIC STUDY
4.1. Optimisation procedure

The objective of this section is to define a performance envelope of screw anchor uplift
capacity, given a maximum torque that can be provided during installation, in a given set of
soil conditions representative of offshore conditions. The maximum capacity depends on the
geometry of the anchor and the maximum embedment depth of the helix. This maximum
embedment depth is limited by the potential constraints previously defined.

Subsequently, the methodology consists of systematically varying the helix diameter D, and
the helix to core diameter ratio Dn/D: and finding the maximum embedment H that can be
achieved with respect to all of the different possible constraints. The implementation consists
of several embedded loops, as depicted in Figure 11. For a given soil density, the maximum
torque available for installation is varied. For each geometry considered, the maximum
embedment depth is calculated as well as the capacity. The procedure is illustrated through
some examples detailed in sections 4.3 and 4.4 and the final results are given in section 4.5.
The procedure which follows does not include any factors of safety, as partial safety
coefficients vary from one design code to the other. A suitable factor of safety can be applied
to the anchor resistance as a whole (DNV-GL, 2018).
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Figure 11 Flow chart of the optimisation procedure

4.2. Soil conditions

Many offshore wind projects are developed in the North Sea, where sand seabed conditions
are very common (Bjerrum, 1973). Medium-dense to very dense sand layers are often
encountered, e.g. for two recently built wind farms (Le et al., 2014; Merritt et al., 2012).
Consequently, three sand densities (loose, medium and dense) were considered in this
parametric study to cover a wide range of soil conditions.

In the following, the screw anchor is assumed to be embedded in a synthetic homogeneous
sand layer of constant density. A set of parameters determined for the HST95 sand is used,
for which CPT tests are available for three different densities (D, = 38, 52 or 82%) representing
loose, medium and dense conditions. The description and results of the tests can be found in
(Davidson et al., 2019) and results are depicted in Figure 12(a). The corresponding physical
(buoyant density y') and strength (peak friction angle ¢, the critical state friction angle ¢
and the soil steel critical state friction angle é.,;;) Soil parameters are given in Table 2 and
were determined as a function of the relative density (Al-Defae et al., 2013). The dilatancy
angle can be obtained from the peak and critical friction angles as per Bolton (1986) and
Schanz and Vermeer (1996).

Centrifuge CPT tests used as the basis of this parametric study were compared in Figure 12
to field data, to ensure their similarity to real offshore soil conditions. The field tests reported
in (Merritt et al., 2012), are representative of the Borkum West Il offshore wind farm, installed
in Germany. The soil conditions were characterised by medium-dense to very dense layers of
sand. CPT results from (Chow, 1997) are representative of the Dunkirk site (estimated relative
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density equal to 75% below 3m depth), extensively used for pile research testing since the
1980’s and recently used for the PISA project (Byrne et al., 2017).

The field CPT results are more variable than the centrifuge tests, however they are in relatively
good agreement with the dense centrifuge CPT results, while the medium dense centrifuge
results describe a lower bound of the field results. The peak friction angle corresponding to the
CPT data were estimated through the following empirical relationship (Knappett and Craig,
2012; Mayne, 2007)

¢p = 6.6+ 11log (13)

A
Oy,0

where qc is the cone resistance measured by the CPT and o, is the initial vertical effective
stress.

Figure 12(b) shows that the interpreted peak friction angle for the centrifuge tests corresponds
well to the parameters given in Table 2, that were calibrated based on oedometric and simple
shear test by (Al-Defae et al., 2013) for a large range of relative densities. In addition, the peak
friction angles interpreted from the field tests lie between the medium-dense and dense soil
states considered in this parametric study.

(a) (b)
0 Davidson et al. (2019) [0
\ Loose (D, 38%)
, - - - Medium (D, 52%)
2 —--=--Dense (D, 82%) 2
Merrit et al. (2012)
al Medium to very dense 4l
SR ----Very dense
! Chow (1997)
6l - Dense to very dense (D, 75%) g |
Eer o oo E s
= CTIInIrzs £
5 N 5
2 o0 | VN T 3 10+
""""" >50MPa
L - e el bl 12
14+ 41
16 + 161 |—|
36.6°-454°
18 : : : : 18 ‘ ‘ ' ‘
0 10 20 30 40 50 10 20 30 40 50
q, [MPa] ¢, [l

Figure 12 (a) Comparison of CPT tests undertaken in the centrifuge (Davidson et al., 2019) with field
CPT results (Chow, 1997; Merritt et al., 2012). (b) Interpretation of the CPT tests as a peak friction angle
¢p after Eq. (13)

15



D:38% D,52% D 82%
¢y [°] 36.6 39.4 45.4

d)crit [O] 32 32 32
Wy [°] 5.5 9 16.5
Ocrit [°] 24 24 24

y'[KN/m3  9.67  9.93  10.47

Table 2 Sand properties used for three relative densities, after (Al-Defae et al., 2013)

For completeness, two additional parameters are required to calculate the installation
requirements in section 3.2. The CPT friction ratio Fr and CPT-soil friction angle, used to derive
the stress drop index a (Lehane et al., 2005), were 0.01 and 18° respectively. The steel yield
limit fy was assumed to be 350MPa for the core, the helix and the welded joint.

4.3. Maximum capacity for a given geometry and installation torque

Figure 13 illustrates how the different structural and geotechnical constraints restrict the
maximum embedment depth that can be achieved for a given geometry. The soil parameters
used are those reported in Table 2 and Figure 12 for the dense sand case (D: =82%). The
geometry variables for this example are: D = 1.7m, Dn/D¢ = 2, th = 0.1m. The maximum torque
used for this example is equal to 7MNm and corresponds to the torque that could be applied
onshore by a large casing rotator (Leffer, 2019).

The installation requirements (crowd force Fy and torque) and uplift capacity (F,) are all non-
linear functions of the embedment depth. The torque requirement is depicted in Figure 13(a)
and the installation torque, equal to 7MNm for this example, is not the limiting constraint in this
case. The uplift capacity F, and the crowd force F, . are shown in Figure 13(b). The uplift
capacity is constrained by the relative embedment ratio (assumed to be lower than 8) while
the crowd force must be lower than the critical buckling force F, ., i.e. the compression load
for which buckling occurs. None of these conditions is the limiting constraint in this example.
The evolution of the equivalent stress within the core during installation o, ., the bending
stress inside the helix plate o, and the equivalent stress inside the weld joint o,,,, are depicted
in Figure 13(c). They all must be lower than the yield strength f,. In this case, the plate bending
is the limiting constraint that determines the maximum embedment depth (Hmax).
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Figure 13 Determination of the maximum embedment (Hmax) and uplift capacity of a screw anchor
embedded in a dense sand for a given geometry (Dn=1.7m, Dn/D¢ = 2, tn = 0.1m). (@) Installation torque
T, (b) Uplift capacity F,, crowd force F, ., critical buckling force F,, (c) equivalent stress within the core
during installation o, ., stress due to bending in the plate o,, equivalent stress within the weld throat

Oeqw-
4.4. Optimal design for a given available installation torque

The maximum uplift capacity corresponding to a given geometry can be calculated as
exemplified in the previous section. Figure 14 depicts how this capacity evolves for all the
geometries considered (varying Dn and Dyn/Dc), whilst keeping the maximum torque Tmax
constant.

For the lower helix diameters, the limiting constraint is the maximum relative embedment ratio
(H=8Dp) to ensure a shallow failure mode and limited displacement to reach capacity. Helix
diameters lower than 0.5m are those frequently encountered for onshore applications. For
such low helix diameters, the structural constraints are never limiting.

For the lower Dy/Dc ratios (=4 or 5), the limiting factor becomes the buckling constraint, as the
core section is very small. As the helix diameter increases, the bending of the helix limits the
uplift capacity. For the larger core diameters (Dn/Dc = 1.5 or 1.25), the maximum torque
available limits the helix embedment and consequently decreases the available uplift capacity.
The uplift capacity related to the geometry used as an example in the previous section is
indicated in Figure 14. This geometry provides a large capacity, but it is possible to find another
‘optimal’ configuration whose capacity is larger. This configuration has a helix diameter Dp
equal to 1.5m and a Dn/Dc ratio equal to 1.5. The total uplift capacity is equal to 8.7MN.
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Figure 14 (a) Uplift capacity F, and (b) embedment depth H of a screw anchor embedded in dense sand
as a function of the helix diameter Dy and Dn/D. ratio, assuming a maximum installation torque equal to
7MNm.

4.5. Optimal design for varying available installation torque

It is possible to identify the optimal configuration (Dn, Dw/Dc, H) corresponding to each
maximum installation torque available, as shown in the previous section. This procedure is
carried out for the three densities considered. The evolution of this maximum capacity and the
corresponding optimal geometry as a function of the maximum torque is depicted in Figure 15.

The uplift capacity increases with the maximum torque available, as the anchor can be
embedded to a greater depth H with a larger helix diameter Dy, as depicted in Figure 15(a,c,d).
On the contrary, the corresponding helix to core diameter ratio Dn/D. is decreasing, because
the increasing uplift capacity generates a larger moment at the helix core connection, and
consequently a larger bending stress at this point. Surprisingly, the maximum uplift capacity
achievable is greater in loose than in dense sand, as shown in Figure 15(a). The lower strength
properties of the loose material are compensated by the fact that the helix can be embedded
to a greater depth for a given available torque. In contrast, there is no such difference in
capacity between medium and dense properties, although the embedment depth is greater for
the medium density sand. In this case, larger embedment depths in medium dense sand and
compensated by a lower sand strength (with respect to the dense sample).

The uplift capacity of a screw anchor corresponding to current onshore installation technology
(T < 7MNm) can reach up to 8.7-14.9MN in dense and loose sand respectively. This order of
magnitude is largely sufficient for aquaculture applications (Figure 1), but it also proves that
the screw anchor technology would be a good candidate to anchor wave energy converters
(WEC). The use of screw anchors for larger tension-leg platforms (TLP) applications would
require the development of large installation devices that can provide higher torque and
potentially the use of several tendons and anchors per fairlead to reduce the required capacity
per anchor. The maximum inclination of TLP tendons and possible interaction between
adjacent anchors (Zhang et al., 2019) would then create additional constraints, e.g. the
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anchors must be sufficiently spaced to avoid any interaction and reduction of their uplift
capacity. It should be noted though that these constraints are based upon uplift capacity for an
anchor having a shallow (uplift wedge) type failure mechanism. If future work is able to quantify
the failure mechanism of more deeply embedded anchors, the range of application may be
extended.

(a)
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O L ¥ | | | 1 ! | ]
0 5 10 15 0 5 10 15
T oy [MNmM] T __ [MNm]

max

251

D, [m]

T [MNm] T [MNm]

max max

Figure 15 (a) Maximum uplift capacity and (b-c) geometry of the anchor as a function of the maximum
torque applicable during installation Tmax and soil conditions.

5. CASE STUDY

To highlight the relative performance of screw anchors compared to conventionally installed
pile anchors the design procedure has been applied to the Dunkirk site test, which is a well-
documented driven pile test site for which CPT tests (given in Figure 12(a), (Chow, 1997)) and
soil characterisation is available (Aghakouchak, 2015; Zdravkovic et al., 2019). The relative
soil density was reported to be equal to 75% on average from a depth of 3m (Chow, 1997).
The strength properties of the soil are relatively homogeneous over the soil layer, as reported
in Figure 12(b). Consequently, averaged parameters are used to calculate the uplift capacity
of the anchor from Eq. (7). The parameters used are given in Table 3. The peak friction angle
was deduced from Figure 12(b). The critical state friction angle, corresponding to triaxial
compression, was selected as the critical state friction angle given in (Zdravkovic et al., 2019).
The peak dilatancy angle was calculated according to (Schanz and Vermeer, 1996).

Results for this case study are compared in Figure 15 with those of the parametric study. The
large cone tip resistance recorded close to the surface (ranging between 10 and 20MPa)
together with a lower peak friction and dilatancy angles lead to slightly lower uplift capacity for
the case study. Indeed, the large cone tip resistance induces more torque and force installation
requirement, limiting the embedment depth, while the lower peak strength directly affects the
peak capacity.
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Dr 75%

¢p [] 42
(;bcrit [o] 32
Wy [°] 12.5
6crit [o] 24
O [°] 29

y' [KN/m3]  10.0

Table 3 Properties of the Dunkirk sand considered for the case study deduced from (Aghakouchak,
2015; Yang et al., 2016; Zdravkovi¢ et al., 2015)

The efficiency of screw anchors is demonstrated by comparison with driven piles in Figure 16
for the Dunkirk case study. The calculated uplift capacity of driven piles is based on the UWA-
05 method (Lehane et al., 2005), the CPT test data provided in Figure 12(a) and the properties
given in Table 3. The thickness to diameter ratio of the driven piles t/D. was assumed equal to
45 (Merritt et al., 2012). The sand-steel friction angle used to calculate the driven pile capacity
was equal to 29°, as discussed in (Yang et al., 2016). Field pile load tests of tension piles in
Dunkirk sand were added to the figure and are consistent with the results of the UWA-05
method.

To ensure a meaningful comparison with driven piles, the uplift capacity of screw anchors was
calculated by varying their core diameter (at a fixed helix to core diameter ratio Di/D. equal to
two) and calculating their maximum embedment depth. The maximum torque available for
installation was assumed equal to 7MNm.

At very low embedment depths, the driven piles are more efficient than the screw anchors in
this specific case. This is due to the large cone tip resistance which is directly used in the UWA-
05 method to calculate the shear strength available along the pile shaft. The screw anchors
become more efficient as the embedment increases. At an identical core diameter, the uplift
capacity of a screw anchor is always larger than its straight pile counterpart for embedment
larger than 6m. The maximum screw anchor capacity obtained (D. = 0.75m) is equal to
6.35MN. Mobilising the same capacity would require a straight pile of twice this diameter and
40% longer, which would also need to be installed by driving (with the attendant noise and
vibration). The limiting factor for this anchor is the conditions of maximum relative embedment
depth (H/Dyn =8). Consequently, greater depth and larger capacity could be obtained with this
anchor size, providing a reliable simplified approach allows its estimation.

The three straight pile field tests reported in (Yang et al., 2016) are also compared to screw
anchor designs (D = 0.5m, Dn/D¢ = 2, variable length H) providing the same uplift capacity.
Their respective dimensions are given in Table 4. In all cases, the screw anchor design is
shorter and lighter than its straight pile counterpart. Consequently, the use of screw anchors
requires a lower amount of steel (reduced embodied carbon) and their shorter/lighter design
potentially make them easier to handle. In addition, they can be used in locations where the
surface sediment is relatively thin over underlying rock.
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Figure 16 Comparison of the uplift capacity Fy provided by screw anchors (this paper methodology, core
diameter D¢ = 0.25, 0.50, 0.75 and 1.00, Dn/D¢ = 2, Tmax = 7MNm) and driven piles (UWA-05 pile design
method, (Lehane et al., 2005) or field tests (Yang et al., 2016)) as a function of their embedment depth
H for the Dunkirk sand case study based on CPT data provided by (Chow, 1997). The pile diameter for
field tests is indicated in parentheses.

F.[MN] 0444  0.82 1.45

H [m] 11.3 10.0 19.3
Pile D¢ [mm] 322.0 457.0 457.0
te [mm] 12.7 13.5 135
W 1] 1.09 1.47 2.83
H [m] 4.3 5.6 7.2
D¢ [mm] 500.0 500.0 500.0
Screw

t. [mm] 12.0 13.0 12.0
W [{] 0.73 0.96 1.31

Table 4 Comparison of dimensions (H, D, tc) and weight W of field-tested driven piles (Yang et al.,
2016) and screw anchors embedded in Dunkirk sand of identical uplift capacity Fy

The designed screw anchors are more efficient than straight piles under tension but could be
further improved. The optimisation of anchor geometries (e.g. variable core diameter
(Davidson et al., 2019) or pointed tips) or installation techniques (e.g. overflighting) could
reduce the installation torque and force requirements. The use of a higher steel grade (e.g. fy
= 550MPa) could expand the design envelope by reducing the impact of the bending strength
constraint. However, the current fabrication capabilities are likely to be another limiting factor
(available geometries, welding of the helix), which depends on the available supply chain.
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Several features could be added to the methodology to correspond to more specific cases or
take into account operational conditions. Considering double helix screw anchors would
reduce the helix bending constraint and increase initial stiffness, as the uplift capacity would
be split between the two helices. However, this would increase the torque requirement and
modify the uplift capacity criterion and be more complicated/costly to fabricate.

Incorporating cyclic loading and fatigue effects seems necessary in the future to consider more
realistic in-service environmental offshore conditions. Although recent studies have begun to
investigate some of these effects (Cerato and Victor, 2009; Lesny and Uchtmann, 2019;
Newgard et al., 2015; Schiavon et al., 2017, 2016), no simplified analytical model is available
to date to be incorporated within the proposed design methodology. The complex behaviour
of screw anchors (e.g. accumulation of vertical displacement, structural load distribution
modifications) while cyclically loaded is not well characterised to date and requires further
fundamental research.

Finally, the very large anchor resistance required by Tension-Leg Platforms would necessitate
the use of several anchors installed close to each other, introducing additional constraints
(reduced group capacity or minimum separation distance) in the optimisation procedure.

6. CONCLUSION

The methodology presented in this paper integrates geotechnical and structural constraints
into a single procedure to allow a rapid estimation of the maximum capacity of screw anchors
and the optimisation of their geometry. It is based on several simplified approaches to consider
the installation requirements (force and torque), the uplift capacity and the structural resistance
(core torsion and buckling, plate bending, weld joint) of the anchor.

The performance envelopes defined in a parametric study show that screw anchors can
provide a significant ultimate monotonic uplift capacity in sand over a range of densities, able
to meet the needs of aquaculture, wave energy converters or floating wind. Although the
reduction of noise and vibrations during installation was one of the main incentives for their
development, screw anchors were proven to be more efficient than driven piles in tension for
a specific case study in Dunkirk sand. Shorter and lighter anchors have other advantages such
as a lower steel consumption and the ability to be installed in thinner layers of sand. However,
their deployment offshore would require the development of powerful installation devices to
achieve the targeted maximum torque (and crowd force).

The performance envelope of screw anchor capacities as presented is obviously limited to the
hypotheses that were made. The anchor capacity could be further improved by selecting a
larger steel grade or modifying the anchor geometry to reduce the installation force and torque
requirements. The procedure could be further enhanced by incorporating a more sophisticated
global buckling model, some displacement-based constraints or cyclic induced effects,
although in this latter case further research is required to develop suitable simplified models.
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9. NOTATION

An Area of the helix

a Stress drop index

aw Weld throat

D. Straight pile or screw anchor core diameter

Dn Helix diameter

E Young’s modulus

F Equivalent force in the welding joint such that M =F t,

) Penetration resistance of the pile base

Fe Penetration resistance of the pile core

Fn Penetration resistance of the helix

F: CPT friction ratio, typically close to 1%

Fs1, Fs2 Uplift factors

Fu Ultimate axial uplift capacity

Fy Axial uplift load

Fy.c Vertical compression force (crowd force)

Fy.cr Vertical compression critical elastic load (Euler buckling)
fy Steel yield limit

H Straight pile or screw anchor embedment (helix position)
Humax Maximum embedment depth of the screw anchor based on all constraints
I Second moment of area of the screw anchor core

K Buckling constant depending on boundary conditions

Ko Coefficient of earth pressure at rest

Kk Constant for the calculation of helix bending

M Bending moment in the helix

Pn Helix pitch

de Cone tip resistance

qc Averaged cone tip resistance

q Distributed constant load acting on the helix

Q Equivalent shear force acting on the welded joint

tc Straight pile or screw anchor core thickness

th Helix thickness

Uy Vertical uplift displacement

T Torque applied at the top of the anchor

Th Torque created by the pile base

T Torque created by the pile core

Th Torque created by the helix

W Weight of the screw anchor or straight pile

y’ Buoyant unit weight of the soll

Ociit Critical state soil-steel interface friction angle (screw anchor installation)
Ot Critical state soil-steel interface friction angle (driven pile)
0 Helix angle

g Normal stress

ay Normal effective stress acting on the helix

Ocq,c Equivalent Von Mises stress acting on the core section
T Initial vertical effective stress

Oy Horizontal stress acting parallel to the helix due to the bending moment
gy Vertical stress acting on the core section

T Shear stress

Perit Critical state friction angle of the soil

oo Peak friction angle of the soil

W Peak dilatancy angle




10. APPENDIX: FORCE/TORQUE PREDICTION METHOD

The different components of the torque and force prediction method are calculated as per
(Davidson et al., 2020). The core torque and vertical forces are calculated incrementally by
summing up elementary pile core height (dH).

DZ
T. = Z aq.tan 6.y dH 76 (14)
:
T, = qcnﬁtan Scrit (15)
_ tan(8. + O)m (DF —DE)  _ tytanSymDE  _ DE—D?
Ty, = aq, G 12K0( EAN aqc+ +aq.ty, 2 < (16)
F
= 17
tan 8crit ( )
Ko =1 —sin¢er (18)
Ph
o= (22)
an Dy, (29)
E = Z 0.6 ag, tan 8,5 dHTD, (20)
DZ
Fp = 0.6 Gem— (21)
T Dh _ thT[Dh _ Dh—D
Fp = a§c——>—— ( o D) , A==+ Qetn— : (22)
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11. APPENDIX: WELD JOINT

The maximum stress in the helix section o, generated by the uniformly distributed surface load
g is given by the following equation
=qk Di (23)
ox =4 4t?

The bending moment at the helix to shaft connection is than obtained through
M = UxWel (24)

where W, is the elastic section modulus, equal to t2/6 in this case. Similarly, the shear force
at the connection can be obtained through

T rn2 2
qZ(Dh_DC) qD. 2 (2
_ — _ 5)
Q TL'DC 4 (Rhc 1)

where Ry, is the ratio between the helix diameter D, and the core diameter D.. The bending
moment in the helix section can be converted into two point charges F applied to the upper
and lower weld joints such that

Subsequently, the normal ¢,, and shear 1, stress along the weld throat a,, is given by
Q 79
_(FeR)ests o (FEGeosts @
w w
aW aW

where the + sign refers to the upper or lower wedge joint (tension or compression while
uplifted). It is assumed the material obeys the Mises criterion, therefore the equivalent stress

0Oeq 1S Obtained through
Oeqw = V0w + 315 < f, (28)

where it is assumed that the welded joint has the same strength as the steel of the helix.
Inserting Equation (27) into this equation leads to the definition of a maximum distributed load
_ fyaw 1
Awmax = 45 K 2
2200\ | (Do _\\ |5 kDR e
4 th + (? (Rhc - 1)) + EEDC(RFLC - 1)

(29)

The relative embedment ratio that corresponds to this normal stress can be obtained by solving
Eq. (7).
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