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Numerical Investigation of the Capacity of Anchor Chain Links in
Clay

Abstract

Offshore floating systems are held in position with chains that connect the structure with anchors
embedded in the seabed. An essential component to calculating the overall mooring capacity is an
accurate assessment of holding resistance from the anchor chains. Existing studies have generally
simplified the (complex) chain geometry to that of a cylindrical bar, which does not account for the
intricate geometry of the connected chain links. This paper reports on three-dimensional finite
element modelling that defines the capacity of a link of anchor chain in clay soil with consideration
of the geometry of the chain links, including the influence from adjacent links. Both stud link and
studless links are considered, along with the effect of embedment depth, link direction angle and
interface condition, and explored across a comprehensive finite element analysis study. The soil
resistance acting on the chain links, represented with uniaxial bearing capacity factors (N,,max, Ns,max,
and N;max) along the normal, lateral and axial directions of the chain link respectively, are derived
and the soil failure mechanisms for these conditions discussed. Equivalent bearing capacity factors,
N, and N, are then derived by converting the soil resistance to normal and tangential resistances (g
and f) acting on an equivalent cylindrical bar. Ultimately, f/g is calculated to represent the friction

coefficient, x4, which ranges from 0.2 to 0.4.
Keywords

Anchor chain; bearing capacity; finite element modelling; soil resistance
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1 Introduction

The demand for mooring systems that secure buoyant offshore facilities is increasing — as engineers
push developments into deeper waters and with novel applications, such as floating wind turbines,
wave energy converters and offshore fish farms. As a key component of the mooring system design,
mooring lines connect the floating facility to an anchor point embedded in the seabed, and can have
a catenary, taut, semi-taut or vertical tethering configuration. The segment of the mooring line
embedded in and lying on the seabed plays an important role because (1) the frictional capacity along
this segment can be a major component of the overall capacity (Neubecker and Randolph 1995),
especially for catenary moorings; (2) the loading angle at the attachment point of the anchors affects
the performance of the embedded anchor (Supachawarote et al. 2004, O’Loughlin et al. 2017),
substantially determining the ultimate embedment depth and holding capacity (Tian et al. 2015). The
segment of mooring line embedded in the seafloor typically uses metallic chains due to the advantage
of heavier weight (higher friction), less excursion (Yen and Tofani 1984) and better overall

performance to avoid chafing when compared with wire or synthetic fibre rope.

Current engineering practice simplifies a mooring chain as an equivalent cylindrical bar, as reflected
in design guidance (e.g. ABS 2017, DNV 2017), and describes the soil resistance as a normal, ¢, and

a tangential component, f, per unit length of chain:
q=E,dNs, €
f = Etdasoilsu (2)

where E, and E; are multipliers on the bar diameter of the chain link, d, in the normal and tangential
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directions, respectively; N. is a bearing capacity factor; as.i 1s the (interface) friction ratio and s, is
the undrained shear strength. £, and E; are geometrical parameters that can be calculated directly
from the geometry of the chain links, although there is additional uncertainty associated with the
chain orientation (about its longitudinal axis) and whether soil passes through or becomes trapped in
the chain links. Design guidance (DNV 2017 and ABS 2017) is consistent on their recommendations
for the normal multiplier (£, = 2.5), with slight variation on their recommendations for the range of
bearing capacity factor (N. = 9 to 14 (DNV 2017) and N. = 7.6 to 14.1 (ABS 2017)), and a larger
discrepancy on the selection of the tangential multiplier, £;, with DNV (2017) recommending E; =
11.3 and ABS (2017) suggesting the range, £;= 8 to 11. DNV (2017) also provided a range of values

for the friction ratio, o0 = 0.4 to 0.6.

Neubecker and Randolph (1995) proposed a closed-form analytical solution for the response of an
embedded anchor line, employing a friction coefficient, y, defined as the ratio of tangential to normal
resistance, i = flq = Ews0il/ ExN.. They analysed experimental data reported by Degenkamp and Dutta
(1989) to recommend that the friction coefficient should be in the range, ¢ =0.27 to 0.69. A more
recent experimental study by Han and Liu (2017) showed that the friction coefficient varied as the
inverse catenary formed, but stabilised at ¢ = 0.3, within the range recommended by Neubecker and
Randolph (1995). Rocha et al. (2016) reported data from model scale experiments and back analysed
the data to infer the friction coefficient in the range, 4 = 0.16 to 0.61, which is also similar to the
range reported in Neubecker and Randolph (1995), but still extremely varied for application in
offshore conditions. As also noted by Frankenmolen et al. (2016), reported and recommended values
of the friction coefficient, x, occupy a wide range, such that there is uncertainty regarding their

selection, which will also lead to uncertainty in the amount of mooring line load taken by the
4
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embedded chain, and on the uplift angle at the anchor.

The uncertainty noted above provides the motivation for this study, which aims to deduce the soil
resistance acting on mooring chain links in a more rigorous manner. This is achieved through the use
of three-dimensional finite element modelling that considers the intricate chain link geometry of both
stud and studless chains, chain link embedment depth, interface condition and chain link direction
angle. Whilst the focus of this paper is on the resistance acting on individual chain links, the results
presented here form the basis for the analysis of a continuous embedded mooring chain, as described

in Liu et al. (2023).

2 Three-dimensional finite element modelling

Chain-soil analyses typically simplify the chain as an equivalent cylindrical bar, whereas actual chain-
soil interaction mechanisms are more complex due to the intricate geometry of the chain links. Fig. 1
shows the geometry of the so-called ‘6d chain’ stud link and studless chains used offshore. The link
length, L, is 6d for both chain types (where d is the bar diameter as defined earlier), whereas the chain

link width, W= 3.6d for the stud link chain and W = 3.35d for the studless chain.

A 6d chain with a bar diameter of 4 = 0.1 m was considered in this study, where the link length is
L=0.6 m and the width is W = 0.36 m and 0.335 m for the stud and studless link, respectively.
According to Vryhof Anchors (2015), the breaking load of stud and studless chains with Grade R5 is
11.5 MN. Considering the high yield stress of the steel chain and the stiffness of the link relative to
that of the soil, the links were modelled as rigid bodies in the finite element model, leading to

computational efficiency.
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As shown in Fig. 2, the origin of the global coordinate system x-y-z is on the top surface of the soil
domain, which had a length and height (in the y-z plane) of 14L to minimise potential boundary effects.
Along the x direction, one whole link and two adjacent half links were considered in the finite element
model, in order to obtain the soil resistance of a single chain link whilst accounting for the effect of
adjacent links. The corresponding nodes on the front and back faces of the soil (along the x direction)
were coupled using the MPC (multipoint constraints) technique (see Dassault Systémes 2019 for
technical details) to mimic a cyclic symmetric condition (i.e. a representative segment of an infinitely
long chain). The lower boundary of the soil domain (z = 14L) was fixed and the top boundary (z = 0)
was free, while the side boundaries (y = £7L) were set as roller-supported (allowing vertical but not

horizontal displacement).

The soil was modelled as an elastic perfectly plastic Tresca material to simulate the undrained
behaviour of a clay seabed. A uniform undrained shear strength, s, = 50 kPa was considered in the
study, with the elastic behaviour of the soil modelled with a Young’s Modulus, £ = 500s, and
Poisson’s Ratio, v =0.49 (to ensure minimal volume change while maintaining numerical stability).
It is noted that the uniform soil strength assumption was deemed adequate as the observed chain-soil
mechanisms are limited to local failure modes. Furthermore, all the numerical results were normalised

by su, allowing for broader application to seabeds with different soil strength profiles.

The middle chain link and two adjacent half links are treated as three independent rigid bodies,
allowing the soil resistance associated with displacement of the middle link to be obtained from the
results. The chain-soil interface does not allow separation in the normal direction, which is
appropriate for undrained conditions in clay as suction at the trailing edge of the chain link is expected

6



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

to maintain contact between the chain and the soil. The maximum shear strength, 7max, at the chain-
soil interface is defined as as., where interface roughness values, a =0, 0.2, 0.4, 0.6, 0.8, 1 and o
were considered in this study. a = 0 represents a fully smooth interface, with no shear resistance along
the interface. 0 < a < 1 represents an intermediate roughness, with a = 1 giving the maximum shear
resistance, Tmax = Su, Which is commonly referred to as a ‘rough’ interface. a = o represents the
condition where the chain-soil nodes are directly coupled together and no sliding is allowed (zmax can
be infinite); this is commonly referred to as a ‘fully bonded’ condition. In this study, o = oo was
technically realised by using the ‘Tie’ constraint (see Dassault Systemes 2019) for the chain-soil

interface (see Liu et al. 2021 for a detailed discussion).

A fine mesh (with a typical element size of ~ d/20) was used in the soil region close to the chain links,
with a transition to a coarse mesh used elsewhere. A typical calculation case had ~140,000 hexahedral
full integration elements, which was verified to achieve good accuracy with acceptable computation

efficiency.

As shown in Fig. 2, the load and displacement of the middle chain link are denoted as N and w for
the normal direction, S and u for the lateral direction, and 7" and v for the axial direction. The v axis
is taken as perpendicular to the front and back planes coupled with MPC, and the middle chain link
is orthogonal to two adjacent half links. The chain embedment depth, z, is measured as the distance
between the soil surface and the centre of the middle link. For example, when z = 0 the centre of the
chain link is at the soil surface. The chain link direction angle, f, is defined as the angle between the
w axis of the middle chain link and the vertical plane x-z in the global coordinate system. As detailed
in Table 1, embedment depths of z/W =0, 0.64, 1, 1.5, 2, 2.5, 3 and 11 were considered, along with

7
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direction angles of = 0°, 15°, 30°, 45°, 60°, 75°, and 90° (see Fig. 2 for illustration of f = 0°, 15°

and 90° at z = 0).

In total, the study involved 762 individual finite element analyses with different chain link types (stud
and studless), embedment depths, direction angles and interface roughness, as detailed in Table 1. A
typical case took approximately 20 minutes to run by using 13 CPU and 2 GPU cores, along with 39
GB memory, in a high-performance computing system - amounting to a total running time of 254

hours.

3 Normal, lateral and axial soil resistance to displacement of the chain links

Uniaxial soil resistances, N, S and 7 to movement of the middle chain link are obtained by displacing
the chain and two adjacent half links together along the w, u and v axes, respectively. Results from
all 762 analysis cases are detailed in Table 1, with selected results considered in more detail in the
following sections. Results for a deeply embedded stud and studless link with a fully bonded chain-
soil interface (z/W =11, f = 0° and a = ) are discussed initially in the following two sections, before

considering the effect of embedment depth, chain link direction angle and interface roughness.

3.1 Stud link chain

Fig. 3 shows the soil resistance versus displacement for a deeply embedded stud link. As expected
for an elastic-perfectly plastic response, the normal, lateral and axial soil resistances in Fig. 3 increase
with displacement before stabilising at constant values. The stabilised normal, lateral and axial
resistances are termed the uniaxial capacities, Nmax, Smax and Tmax. For the deeply embedded stud link

with a fully bonded chain-soil interface case shown in Fig. 3, Nmax = 87.8 kN, Smax = 47.0 kN and

8
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Tmax = 20.7 kN. The projected areas along the w, u and v axis, denoted as 4., A, and A4,, respectively,
essentially correspond to the shaded zones in the plane of u-v, w-v and u-w as shown in Fig. 1. For
the stud link in this study, 4,, = 0.139 m?, 4, = 0.058 m?, and 4, = 0.034 m?. Dimensionless bearing
capacity factors can then be calculated as Nmax/4wsu = 12.64, Smax/Awsu = 6.76 (01 Smax/Ausu = 16.21)
and Tmax/Awsu =2.98 (or Tmax/Avsu = 12.18). Considering the projected area along the w axis (u-v
plane), 4., for each resistance allows the relative magnitudes to be interpreted readily, whereas
considering the projected area along the axis relevant to the direction of displacement allows for a

comparison with the normal bearing capacity factor of a plate anchor, as discussed below.

As illustrated in Fig. 4, O’Neill et al. (2003) proposed upper bound solutions for capacity in the
vertical (or normal) and lateral directions, Vmax and Hmax, respectively, for a deeply embedded

rectangular plate anchor of length, Ly and thickness, dr

d.
Vias :4(ﬂ_9+tan9j+4_f[l+cosﬁj ®)
LfSu 2 L/‘ 2
d
H_. :4_f(7;_0+tan9j+4(l+cosﬁj 4)
L;s, L, 2 2

By varying 6, the minimum values of Egs. (3)~(4) are obtained as upper bound solutions.

Fig. 5 compares the upper bound solutions and numerical results of uniaxial bearing capacity factors
for deeply embedded chain links with a fully bonded interface. Using an analogy of the chain link
being represented as an equivalent embedded rectangular plate anchor, the normal resistance to chain
link displacement, Nmax, can be estimated by Eq. (3). By taking L;=W = 0.36 mand dr=d = 0.1 m

— or in other words, by simplifying the link to being a two-dimensional plate in the u-w plane (refer
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to Fig. 1) while assuming the link length, L, is infinitely long — Vmax/Lssu 1s calculated as 12.73.
Alternatively, Vimax/Lss, is evaluated as 12.22 by taking Ly=L = 0.6 m and dr=d = 0.1 m (a two-
dimensional plate in the v-w plane). Merifield et al. (2003) reported a lower bound value of Vinax/Lysu
= 11.9 for a deeply embedded square anchor (z/Ls = 7) with a rough interface. Three-dimensional
finite element analyses of plate anchors with an aspect ratio, defined as the ratio of the anchor length
to anchor width, of 2 and a fully bonded interface gave Vmax/Lss, = 13.1 for a plate thickness of zero
(Yang et al. 2010) and Vmax/Lssu = 13.29 for a plate thickness of 1/20 of the width (Wang et al. 2010a).
Accordingly, the normal bearing capacity factor, Nmax/4ws. = 12.64 determined here is within the
range of published results for deeply embedded rectangular plate anchors with an aspect ratio of
between 1 and 2. The corresponding soil flow mechanism is shown in Fig. 6(a) as both displacement
vectors and displacement contour plots in the u-w plane, and is evidently similar to the upper bound
mechanism for the deeply embedded rectangular plate anchor (see Fig. 4(a)). As the ‘openings’ in the
chain link are relatively small, there is limited capacity for soil to flow through the chain, such that

the mechanism is expected to be similar to that of an equivalent rectangular plate.

The lateral soil resistance of a displaced chain link, Smax, can be estimated by the upper bound solution
(Eq. (3)) by selecting Ly=L = 0.6 m and dr= A./L = 0.23 m (i.e. a two-dimensional plate in the u-v
plane with a length of L and an equivalent thickness of 4,,/L). This results in Vmax/Lss, = 13.21, 18.5%
lower than Smax/Aus. = 16.21 obtained from the finite element analysis reported here. Note that 4, is
the normal bearing area because the u axis is treated as the normal direction when the chain link is
simplified as an equivalent two-dimensional plate in the u-v plane. A more appropriate interpretation
is to assume Ly= W= 0.36 m and dr=d = 0.1 m (a two-dimensional plate in the u-w plane) in Eq. (4).

This gives Hmax/Lss. = 7.03, only 4% higher than the finite element result, Smax/Aws. = 6.76, where 4,
10
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is the corresponding normal bearing area of the equivalent two-dimensional plate in the u-v plane.
The soil flow mechanism due to pure lateral displacement, u, is shown in Fig. 6(b), which is broadly
consistent with the mechanism for a deeply embedded rectangular plate anchor under lateral

displacement, as shown in Fig. 4(b).

The axial soil resistance of a displaced chain link, 7Tmax, can be estimated by Eq. (4) with Ly;=L = 0.6
m and dr=d = 0.1 m (i.e. a two-dimensional plate in the v-w plane), which gives Hmax/Lssu = 5.5,
greater than Tmax/Awsy = 2.98 obtained numerically. This difference is because the upper bound
solution in O’Neill et al. (2003) is for an ‘isolated’ anchor, whereas the chain comprises many
connected links that are ‘shaded’ by adjacent links in the axial direction. This can be seen in the
corresponding soil flow mechanism shown in Fig. 6(c). The shading effect from the adjacent links
can be demonstrated by modelling an ‘isolated’ chain link (i.e. without adjacent links), which resulted
N Tmax/Awsu = 6.22. Compared with Tmax/Aws. = 2.98 for a linked chain, this ‘isolated’ axial bearing
capacity factor is much closer to the upper bound solution, Hmax/Lss. = 5.5, with the difference
essentially due to the shading from adjacent links. The normal resistance may alternatively be
evaluated as Vmax/Lssu= 16.17 by taking Ly= W= 0.36 m and dr= A,/W =0.39 m (a two dimensional
plate in the u-v plane), which is greater than the finite element result, 7Tmax/Avs, = 12.18 obtained in

this study. This disparity is again considered to be due to the shading effect from the adjacent links.

3.2 Studless link chain

The stabilised uniaxial normal, lateral and axial soil resistances for a deeply buried studless link with
a fully-bonded chain-soil interface (z/W = 11, f = 0° and o = ©) are Nmax = 75.6 kN, Smax = 45.9 kN

and Tmax = 19.6 kN, respectively. The projected areas A, A, and A, for the studless link chain are

11
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0.125 m?, 0.058 m? and 0.031 m?, respectively. Dimensionless bearing capacity factors for the
studless link chain can therefore be calculated as Nmax/Awsy = 12.09, Smax/Awsu=7.35 (or

Smax/Ausu = 15.83) and Tmax/Awsu = 3.13 (0r Tmax/Avsy = 12.65).

The normal bearing capacity factor, Nmax/Aws. = 12.09 is 4.4% lower than that for the stud link chain,
Nmax/Awsu = 12.64. As shown above, the upper bound solution of the normal bearing capacity factor
for the studless link chain is Viax/Lssy = 12.82, obtained by taking Ly= W = 0.335 mand dr=d = 0.1
m; while Viax/Lssu = 12.22 results from taking Ly= L = 0.6 m and dr=d = 0.1 m. The reason for the
lower normal bearing capacity factor of the studless link chain relative to the stud link chain is because
the absence of the stud eases soil flow through the chain link, as can be seen from the soil flow

mechanism in Fig. 7(a).

Although the lateral soil resistance, Smax, for the stud link and studless cases is comparable, the lateral
soil resistance, Smax/Awsu =7.35 1s 8.6% higher for the studless chain as the projected area in the
normal direction, 4., for the studless link is lower. Referring to Fig. 5, the lateral resistance can be
evaluated using the upper bound solution by taking Ly= W = 0.335 m and dr=d = 0.1 m in Eq. (4),
which gives Hmax/Lssu = 7.30, close to the numerical result of Smax/Aws. =7.35. Alternatively,
Vmax/Lssu = 13.06 is determined by taking Ly=L = 0.6 m and dr= 4,/L = 0.21 m, which is 17.5%
smaller than Smax/Aus« = 15.83 in this paper. The lateral flow mechanism of the soil around the studless

link is similar to that of the stud link chain, as shown in Fig. 6(c) and Fig. 7(c).

The finite element result for axial soil resistance is Tmax/4wsu = 3.13. Referring to Fig. 5, the axial
resistance can be evaluated using the upper bound solution by taking Lyr= L =0.6 mand dr=d=0.1 m

(a two-dimensional plate in the v-w plane) in Eq. (4), which gives Hmax/Lss, = 5.5. This is much higher
12
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than the finite element result of Tmax/4ws. = 3.13. Again, the reason for the difference is considered
to be due to ‘shading’ from adjacent links. Alternatively, taking Ly= W = 0.335 m and dr= A4,/W =

0.37 m leads to Vmax/Lssu = 16.26, larger than the finite element result of Timax/Avs. = 12.65.

Throughout the remainder of the paper, the uniaxial bearing capacity factors are defined in terms of

the projected area, 4w, 1.€. Numax = Nmax/AwSu, Ns,max = Smax/AwSu and Nimax = Tmax/AwSu.

3.3 Effects of embedment depth, z, and link direction angle, #

Fig. 8 shows how the uniaxial bearing capacity factors vary with z/W and f for a stud link chain with
a fully bonded interface (full details of other cases can be found in Table 1). The normal, lateral and
axial bearing capacity factors, Ny max, Ns,max and N;max increase with embedment depth until z/W> 2.5,
but at greater depths the uniaxial bearing capacity factors reach stabilised values. Thus, the depth
range of z/W>2.5 can be considered to be ‘deeply embedded’. For cases where z/ W < 2.5, the normal
bearing capacity factor N,max decreases with f, while the lateral bearing capacity factor Nsmax
increases with f. This is because as f increases, the normal displacement, w, tends to mobilise less
soil volume, while the lateral displacement, u, mobilises more. It is noted that § only has a very limited
influence on N max as the soil area mobilised by the axial resistance, 7, is concentrated around the
chain links, as shown in Fig. 6(c) and Fig. 7(c). Accordingly, for the chain link on the seabed surface
(z/W = 0), as shown in Fig. 8, the direction angle, £, has a dramatic influence on N and S but a

relatively small influence on 7.

3.4 Effect of interface roughness, a

To investigate the effect of interface roughness, a, on the uniaxial bearing capacity factors of chain

13
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links, analysis cases with a =0, 0.2, 0.4, 0.6, 0.8 and 1 were conducted. Chain link direction angles
of = 0° and 90° were considered, as shown in Table 1. Fig. 9 shows the effect of interface roughness
on the normal, lateral and axial bearing capacity factors, Ny.max, Nsmax and Nymax for stud link chains
(as an example). Fig. 9 indicates that all uniaxial bearing capacity factors N, max, Nsmax, and Ny max

increase with a.

Figs. 10(a) and (b) show the vector plot of the normal force (represented by normal contact force on
nodes) and friction (represented by shear contact force on nodes) acting on the stud link chain under
pure normal displacement, w, for & = 0 and 1. For & = 0, there are only normal forces acting on the
chain as the a = 0 condition prevents friction, whereas for & = 1, both normal forces and friction act
on the chain bar and stud. The normal bearing capacity factor, N, max, increases by 36% from a = 0 to

1 for deep embedded cases, due to the contribution of friction.

The lateral resistance, Nmax, increases by 20% from o =0 to 1 for deep embedded cases. Figs. 10(c)
and (d) show the vector plot of the nodal normal force and friction under pure lateral displacement.
Cross-referencing to Fig. 6(b), a large portion of the lateral resistance is from the normal force, and
thus, the interface roughness, a, has a minor influence on the lateral resistance relative to normal and

axial resistance.

The axial resistance, NV max, is significantly affected by the interface roughness. For deep embedded
cases, N max increases by 57% from a =0 to 1. Figs. 10(e) and (f) show the nodal normal force and
friction under pure axial displacement, v. For the case using o = 0, there is no friction along the link
surface and thus the normal force contributes 100% of the axial resistance, N max. For the case using

a =1, the normal force and friction both contribute to the axial resistance. Referring to Table 1, the
14



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

normal force accounts for 64% of the total axial resistance for deeply embedded cases, while friction
accounts for the remaining 36%. It is noted that existing studies (Vivatrat et al. 1982, Degenkamp and
Dutta 1989) proposed that the tangential soil resistance to the chain is solely equal to the friction
acting the chain surface. Since the normal force provides the majority of the tangential resistance, it
is argued here that it would be more appropriate to use a bearing capacity factor to account for the

tangential resistance, as discussed in detail later in the paper.
4 Equivalent bearing capacity factors

Two-dimensional analytical solutions for an embedded anchor line (such as Neubecker and Randolph
1995 and Aubeny and Chi 2014) use an equivalent bar to calculate the configuration, which requires
the estimation of normal, ¢, and tangential soil resistance, f, as shown in Egs. (1)~(2). This section
discusses how to convert this study’s detailed finite element results of soil resistance (i.e. Nmax, Smax

and Tmax) Into equivalent values of ¢ and f (normal and tangential resistance per unit length).

Considering that the chain link orientation alternates with adjacent links and that there is an overlap
length, the length of a chain link and two adjacent half links (a pair of links) is 2L — 4d = 8d, as shown
in Fig. 11. The total normal force to this group of chain links can be considered as the sum of a normal
force and a lateral force, as shown in Eq. (5). By assuming a cylindrical bar with an equivalent

diameter of E,d and a length of 8d, the total normal force is Nys.Exd 8d, which can be written as:

§,max

q-8d=N,s,Ed-8d =[N, . (z/W,a,=0°)+N, . (z/W,a,=90°)]4,s, (5)

As noted earlier in the paper, the bar diameter multiplier, E,, is a characteristic of the chain geometry

that can be calculated by equating the projected area of adjacent chain links with the normal bearing
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area of a cylinder, as shown in Fig. 11(a):

A+4 -4

ertap = £, -8d (6)
where 4,, and 4, are the projected areas of a chain link along the w and u axes, respectively (as defined
earlier), and Aoveriap 1s the overlap area of the normal projection of the adjacent chain links. For the
stud and studless links used in this study, Aoveriap = 2d*. Thus, E, is calculated as 2.21 and 2.04 for
stud and studless links, respectively. Although this is close to £, = 2.5 recommended by Degenkamp
and Dutta (1989), which is commonly used in the literature and design guidelines (Neubecker and

Randolph 1995, Wang et al. 2010b, ABS 2017, DNV GL 2017), the lower value determined here is

considered to be more appropriate for an analysis that considers the effect of adjacent chain links.

The normal bearing capacity factor N, is then obtained by rearranging Eq. (5)

N — I:Nn,max (Z/W’a’ﬂzoo)_'_Ny,max

‘ 8E, d’

(z/W,a, =90°)] A, o

The calculated values of N, depend on embedment depth, interface roughness and chain link type, as
detailed in Table 1. Figs. 12(a) and (b) show the normal bearing capacity factor, Ny, of the stud and
studless link, respectively, and compare the bearing capacity factors, Ne, of the strip, square and
rectangular anchors. The normal bearing capacity factor, Ny, of a chain link increases with embedment
depth and reaches a stabilised value when z/W > 2, while the recommended solutions by Skempton
(1951) for rectangular footings and the finite element solutions for rough strip anchor of Song et al.

(2008) show N, reaches a stabilised value when z/B > 2.5 (where B is the width).

For the chain link at the mudline (z/W = 0), the normal bearing capacity factor, N, is 5.35 and 5.33
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for a = 0 (smooth interface) for the stud link and studless link, respectively. These results are close to
Skempton's (1951) solutions for rectangular footings, which are 5.28 and 5.26 when the aspect ratio
L/B = 8/E,, where E,=2.21 and 2.04, respectively. When z/W = 0 and a = o (rough interface), N, =
7.21 and 7.09, with increases of 35% and 33% relative to o = 0 for stud links and studless links,
respectively. This indicates that the friction on the chain link forms a significant proportion of the

total resistance.

The range of stabilised N, is 11.06 to 15.25 (from o = 0 to o) and 11.07 to 14.88 for the stud link and
studless link, respectively. Stabilised values of N. for rough strip anchors (11.62 from Song et al.
2008), rough square anchors (11.85 from Merifield et al.'s (2003) lower bound solutions) and rough
rectangular anchors with L/B =4 (10.27 from Merifield et al. 2003) form a range, N. = 10.27 to 11.85.
This range of N. for anchors encompasses the very narrow range, Ne = 11.06 to 11.07 for smooth
chain links. In contrast, the equivalent range for rough chain links, N. = 14.88 to 15.25 is beyond that

for the anchors due to the mobilised friction on the chain surface, as shown in Figs. 10(b) and (d).

Yen and Tofani (1984) carried out physical tests using chains with either 2, 4 or 6 stud links that were
tack-welded together and deeply embedded in clay. As shown in Fig. 12(a), the range of N, derived
from Yen and Tofani's (1984) test data was 7.1 to 12.1. The upper bound value of N, = 12.1 is within
the range, N, = 11.06 to 15.25 for deeply embedded stud links in this study. As noted in Yen and
Tofani (1984), lower values of N, were derived from tests in clays of lower strength, due to physical
length limitations of the testing equipment. Tests in higher strength clays (s, = 5.36 to 7.47 kPa)
resulted in N, = 11.3 to 11.6, which is more consistently within the range, N, = 11.06 to 15.25 in this
study.

17



367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

The total tangential force on a chain link and two adjacent half links (i.e. a pair of links) can be
considered as the sum of the axial forces acting on this group of chain links, i.e. [Nymax (z/W, a, f =
0°) + Nimax (z/W, a, f = 90°)]Aws.. As demonstrated in the previous section, the normal force accounts
for the majority of the total tangential resistance, and it is argued that it is more reasonable to treat
the tangential resistance as a bearing resistance rather than pure frictional resistance. By assuming a
cylindrical bar with an equivalent diameter of E.d and a length of 84, the axial bearing area is
n(E.d)*/4. Thus, the resistance acting on the cross-section of the equivalent cylindrical bar is
Nasu'n(Ead)?/4, where N, is the tangential bearing capacity factor of the chain link. Therefore, the total

tangential force on the chain link and two adjacent half links can be written as:

f8d=rNs,(Ed) 14=[N, . (z/W,a,f=0°)+N, . (z/W,a, B=90°) |4, (8)

E. can be derived by treating the tangential projection area of the group of adjacent chain links as

equal to the cross-sectional area of the cylindrical bar, as shown in Fig. 11(b)

2
2/lv - onerlap,v = @ (9)

where 4, is the projected area of a chain link along the v axis and Aoveriap,v 1S the overlap area of the
tangential projection of the adjacent chain links. For stud and studless links in this study, Aovertap,y =
d*. Thus, E,is calculated as 2.72 and 2.57 for stud and studless links, respectively, such that Eq. (8)

can be written as

. 4[N, (21 W0, B=0°)+ N, (21 W0, f=90°) | 4,

a ﬂEde (10)

The calculated values of N, are listed in Table 1 and shown in Figs. 12(c) and (d) for stud and studless
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links, respectively, and are compared to the bearing capacity factor, N, for circular footings and
anchors. The tangential bearing capacity factor, N,, of chain links shows a similar trend to N,, which
provides further support to the approach adopted here of treating the axial resistance as bearing
capacity. N, increases with embedment depth and reaches stabilised values when z/W > 1, while the
recommended solutions by Skempton (1951) for a circular footing and Song et al.'s (2008) finite
element solutions for a rough circular anchor show that N. reaches stabilised values when z/B > 2.5
and 1.5, respectively. For the chain link at mudline (z/W = 0), the tangential bearing capacity factor,
Ng is 3.32 and 3.51 at o = 0 for the stud link and studless link, respectively, increasing to 7.21 and

7.60 at o = oo — hence confirming that friction has a significant effect on N, for shallow cases.

The range of stabilised N, is 8.77 to 14.26 (from a = 0 to o) and 8.77 to 15.08 for stud link and
studless links, respectively. The stabilised N, of the rough chain link is larger than the stabilised N,

of the rough circular anchor (13.67 from Song et al. 2008 and 12.60 from Merifield et al. 2003).

Based on the tests of Yen and Tofani (1984), the range of N, can be derived by dividing the maximum
soil sliding resistance by the product of the tangential projection area (as defined in Eq. (9)) and the
soil strength, 1.e. Ny = 2Tmax/(2Av - Aovertap,v)su. As shown in Fig. 12(c), the range of N, derived from
Yen and Tofani's (1984) test data was 8.90 to 13.98, which is in good agreement with the range, N, =

8.77 to 14.26 determined in this study for the deeply embedded stud link chain.

The value of f/g can be obtained by dividing Eq. (8) by Eq. (5), to give flg = TtN.E/(32N,E,). This
can be interpreted as the equivalent friction coefficient, z, used in existing embedded chain solutions
(e.g. Neubecker and Randolph 1995). As shown in Table 1, f/q is in the range 0.2 to 0.4, varying with

embedment depth and interface roughness, in contrast to the Neubecker and Randolph (1995)
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analytical solution, which employs a constant value regardless of embedment depth and interface
roughness. It is also worth noting that the range of friction coefficient inferred from the numerical

results is lower than the range, f/q = 0.4 to 0.6 recommended in ABS (2017).

As the normal resistance, ¢, and tangential resistance, f, are coupled, they cannot be mobilised to their
maximum values simultaneously. To reduce empiricism in the selection of y for use in analytical
chain solutions, an approach that allows for coupling of soil resistance components is expected to
provide a more accurate estimation of the chain response. Liu et al. (2023) proposed such an approach,

which uses the bearing capacity factors reported in this study.

5 Concluding remarks

This paper reports on a three-dimensional finite element modelling study that investigates soil
resistance to displacement of mooring chain links, with full accounting of their intricate geometry.
Uniaxial bearing capacity factors, N, max, Ns,max and N;max along the normal, lateral and axial directions
were defined with respect to chain link type, embedment depth, link direction angle and interface
condition. Soil flow mechanisms at capacity are reported and provide insight into the numerical
results and trends obtained. The bearing capacity factors and soil flow mechanisms depend not only
on the link type and interface roughness, but also the shading effect of adjacent links compared with

the embedded anchor.

This study’s finite element results were converted to normal and tangential soil resistance, ¢ and f,
acting on an equivalent cylindrical bar. Updates to values for E, and E, were derived from the

geometry of the chain links. Equivalent bearing capacity factors, N, and N, were obtained based on
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the finite element results, which reduces the empiricism in calculating ¢ and f. N, is considered as a
tangential bearing capacity factor, rather than as pure friction, as the axial chain-soil interaction
mechanism indicates that nodal normal forces constitute a major proportion of the axial resistance.
flq was calculated to represent the friction coefficient, &, which ranges from 0.2 to 0.4 — and it is
noted that g and f cannot be fully mobilised simultaneously to their maximum values. This study
forms the basis for an improved analytical solution for embedded chains (see Liu et al. 2024) that
uses the bearing capacity factors reported here, whilst allowing for the coupling of normal, lateral and

axial soil resistances.
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Figure Captions:

Fig. 1 Size of common chain links
(a) stud link

(b) studless link

Fig. 2 Finite element model
(a) deeply embedded case

(b) close-up of chain links

Fig. 3 Uniaxial resistance to a deep embedded stud link with a fully bonded interface

Fig. 4 Upper bound mechanisms for a deep embedded rectangular plate anchor
(a) at Vimax

(b) at Himax

Fig. 5 Numerical results and upper bound solutions of uniaxial bearing capacity for deeply embedded
chain links with fully bonded interface

Fig. 6 Soil flow mechanism for a deep embedded stud link chain
(a) under pure normal displacement w
(b) under pure lateral displacement u

(¢) under pure axial displacement v

Fig. 7 Soil flow mechanism for a deep embedded studless link chain

(a) under pure normal displacement w
(b) under pure lateral displacement u

(c) under pure axial displacement v

Fig. 8 Uniaxial bearing capacity factors of stud link chain
(a) normal bearing capacity factor

(b) lateral bearing capacity factor
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(c) axial bearing capacity factor

Fig. 9 Effect of interface roughness on uniaxial bearing capacity factors for the stud link chain
(a) normal bearing capacity factor (= 0°)

(b) normal bearing capacity factor (4= 90°)

(c) lateral bearing capacity factor (= 0°)

(d) lateral bearing capacity factor (= 90°)

(e) axial bearing capacity factor (£ = 0°)

(f) axial bearing capacity factor (= 90°)

Fig. 10 Nodal normal force and friction acting on the deep embedded stud link

(a) under pure normal displacement w (o = 0)

(b) under pure normal displacement w (= 1)

(c) under pure lateral displacement u (= 0)

(d) under pure lateral displacement u (= 1)

(e) under pure axial displacement v (a = 0)

(f) under pure axial displacement v (o= 1)

Fig. 11 Normal and tangential projections of the chain link and equivalent cylindrical bar
(a) normal projections

(b) tangential projections

Fig. 12 Comparison of the bearing capacity factors of anchor chains, anchors and footings
(a) Ny of stud link chain

(b) Ny of the studless link chain

(¢) NV, of the stud link chain

(d) N, of the studless link chain
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Table Captions:

Table 1 Uniaxial bearing capacity factors and equivalent bearing capacity factors
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Table 1 Uniaxial bearing capacity factors and equivalent bearing capacity factors

o Normal Tangential
mbed- o ) . beari bearin =
. Interface L earing g flq=
Link ment roughness Direction Uniaxial bearing capacity factors capacity capacity | pn,E2/(32N,
shape d/el,ll),t h a angle § factor factor En)
Z
Npmax Ns,max Nimax Nq Na
. 0 4.11 1.47 0.90 5135 332 0.20
90° 0.33 2.69 0.49
o 0 4.54 1.70 1.05 531 4.38 0.25
90° 0.48 2.84 0.79
o4 0 4.88 1.89 .19 6.16 5.41 029
90° 0.62 2.95 1.07
0 0 5.16 2.08 1.33 6.44 6.18 0.32
00° 0.75 3.03 1.26
08 0 5.38 2.23 1.40 6.65 6.55 0.32
0 00° 0.84 3.08 133
| 0 5.53 2.36 1.44 6.81 6.92 0.33
90° 0.91 3.14 1.45
0 5.95 2.62 1.50 7.21 7.21 0.33
90° 0.85 3.22 1.51
150 4.63 2.63 1.30 - - -
© 300 2.38 2.72 1.42 - - _
45° 1.28 2.77 1.46 - - -
Stud link o — 2 = : : :
750 0.90 3.21 1.24 - - -
. 0 8.24 291 1.87 0.53 8.44 0.29
90° 6.16 3.88 1.66
0a 0 8.71 2.90 2.16 10.01 9.98 0.33
00° 6.64 4.02 2.01
0a 0 8.92 2.91 2.35 10.26 11.04 0.35
90° 6.96 4.14 2.26
0.6 0 9.19 2.97 2.52 10.42 12.03 0.38
90° 7.20 4.06 2.51
0.64 °
0s 0 9.34 3.06 2.58 10.53 12.66 0.40
90° 7.36 4.06 2.72
| 0 9.41 3.14 2.61 10.62 13.04 0.40
00° 745 4.10 2.84
0 9.58 3.25 2.68 10.89 13.39 0.40
90° 7.69 4.27 2.92
o 150 9.09 3.43 2.68 - - _
30° 8.67 3.44 2.68 - - -
450 8.33 3.52 2.76 : . -
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o Normal | Tangential
mbed- o ) ) beari bearin =
. Interface irecti Uniaxial bearing capacity factors carmne - “h
Link ment roughness Direction g capacity capacity capacity TNJEZ2/(32N,
shape | depth angle 3 factor factor
. Ey)
zZIW
Nn,max Ns,max Nt,max N‘I Na
0.64 o 60 795 203 20 : : ;
750 7.62 3.95 2.93 : . -
0 0 8.62 3.43 1.83 10.67 8.77 0.27
90° 8.09 4.95 1.83
02 0 9.38 3.38 2.14 11.38 10.25 0.30
90° 8.49 5.10 2.14
04 0 9.89 3.39 2.39 11.84 11.43 0.32
90° 8.73 5.17 2.39
06 0 10.20 3.41 2.59 12.10 12.39 0.34
90° 8.89 5.19 2.59
08 0 10.41 3.51 2.75 12.26 13.17 0.35
1 90° 8.94 5.18 2.75
| 0 10.52 3.69 2.87 12.35 13.73 0.37
90° 9.01 5.19 2.87
0 10.72 3.70 2.98 12.63 14.26 0.37
90° 9.06 5.35 2.98
15° 10.17 3.77 2.98 3 - i}
o 30° 9.74 3.93 2.98 - - '
Stud link 45° 9.54 4.22 2.98 . : :
60° 9.33 4.79 2.98 N - -
750 9.09 5.08 2.98 - - -
0 0 8.54 4.81 1.83 11.03 8.77 0.26
90° 8.61 5.49 1.83
o 0 9.44 4.82 2.14 12.03 10.25 0.28
90° 9.37 5.86 2.14
04 0 10.19 4.83 2.39 12.81 11.43 0.29
90° 9.86 6.11 2.39
0k 0 10.81 4.84 2.59 13.40 12.39 0.30
s 90° 10.20 6.24 2.59
08 0 11.30 4.84 2.75 13.83 13.17 0.31
90° 10.44 6.29 2.75
. 0 11.70 4.91 2.87 14.12 13.73 0.32
90° 10.56 6.26 2.87
0 12.37 4.98 2.98 14.66 14.26 0.32
. 90° 10.46 6.28 2.98
15° 11.99 5.01 2.98 - - -
30° 11.63 5.14 2.98 - - -
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o Normal | Tangential
mbed- o ) ) beari bearin =
. Interface ecti Uniaxial bearing capacity factors carie 8 “h
Link | ment roughness | Direction g capactty capacity | - capacity | gn,E/(32N,
shape | depth angle 8 factor factor
; Ey)
zIW
Np.max Ny, max Nt.max Ny Na
45° 11.31 5.35 2.98 - i} -
1.5 © 60° 10.86 5.62 2.98 : - -
750 10.57 5.95 2.98 - - -
0 0 8.54 5.50 1.83 11.03 8.77 0.26
90° 8.54 5.50 1.83
o 0 9.42 5.86 2.14 12.04 10.25 0.28
90° 9.44 5.89 2.14
04 0 10.14 5.94 2.39 12.82 11.43 0.29
90° 10.23 6.17 2.39
90° 10.77 6.37 2.59
08 0 11.24 5.94 2.75 13.93 1317 0.31
) 90° 11.17 6.49 2.75
. 0 11.66 5.94 2.87 14.32 13.73 0.32
90° 11.45 6.55 2.87
0 12.64 5.86 2.98 15.25 14.26 0.31
90° 11.95 6.75 2.98
15° 12.66 591 2.98 - - -
Stud link © 30° 12.58 6.06 2.98 - - -
45° 12.41 6.33 2.98 : ) _
60° 12.17 6.58 2.98 : - -
750 12.00 6.74 2.98 : - -
0 0 8.55 5.50 1.83 11.05 8.77 0.26
90° 8.54 5.50 1.83
o 0 9.42 5.89 2.14 12.04 10.25 0.28
90° 9.42 5.89 2.14
04 0 10.14 6.17 2.39 12.82 11.43 0.29
90° 10.14 6.17 2.39
06 0 10.73 6.37 2.59 13.44 12.39 0.30
25 90° 10.73 6.37 2.59
08 0 11.23 6.49 2.75 13.93 13.17 0.31
90° 11.24 6.49 2.75
| 0 11.66 6.55 2.87 1432 1373 0.32
90° 11.66 6.55 2.87
0 12.64 6.69 2.98 15.25 14.26 0.31
© 90° 12.66 6.76 2.98
150 12.64 6.72 2.98 - - -
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Embed Normal | Tangential
mbed- .. . . beari bearin, =
: Interface ot Uniaxial bearing capacity factors caring g Jq=
Link ment roughness Direction & capacly capacity | capacity | pn,E2/(32N,
shape depth a angle factor factor En)
Z/W n
Nn,max Ns,max Nt,max Nq Na
30° 12.64 6.77 2.98 - - -
25 w 45 12.65 6.81 2.98 - - -
60° 12.65 6.79 2.98 - - -
75° 12.66 6.76 2.98 - - -
0 8.57 5.50 1.83 11.06 8.77 0.26
Stud link 0.2 9.42 5.92 2.14 12.06 10.25 0.28
0.4 10.14 6.20 2.39 12.85 11.43 0.29
23 0.6 N/A? 10.73 6.40 2.59 13.47 12.39 0.30
0.8 11.24 6.53 2.75 13.97 13.17 0.31
1 11.66 6.60 2.87 14.35 13.73 0.31
) 12.64 6.76 2.98 15.25 14.26 0.31
0 0 4.07 1.56 0.97 5.33 3.51 0.21
90° 0.11 2.89 0.49
0.2 0 4.48 1.82 118 5.74 4.70 0.26
90° 0.26 3.01 0.77
0.4 0 477 2.05 1.37 6.05 5.63 0.30
90° 0.41 3.13 0.96
0.6 0 201 2.26 1.49 6.31 6.41 0.32
90° 0.54 3.23 1.17
0.8 0 >.19 243 1.54 6.52 6.83 0.33
0 90° 0.63 3.32 1.29
1 0 >.34 2.58 1.57 6.69 7.27 0.35
90° 0.72 3.39 1.45
Studless °
e 0 5.70 2.84 1.60 709 7,60 0.34
90° 0.67 3.55 1.56
15° 4.53 2.91 1.49 - - -
o 30° 2.52 2.97 1.48 - - -
45° 1.36 2.96 1.56 - - -
60° 0.92 2.99 1.57 - - -
75° 0.66 3.50 1.37 - - -
0 0 8.32 3.29 1.84 9.76 8.58 0.28
90° 6.31 4.42 1.72
0.64 0.2 0 8.91 3.27 2.20 10.28 10.32 0.32
: 90° 6.82 4.51 2.09
0° 9.23 3.32 2.44
04 10.62 11.57 0.35
90° 7.15 4.63 2.37
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o Normal | Tangential
mbed- o ) ) beari bearin =
. Interface aot] Uniaxial bearing capacity factors carte 8 Jlq =
Link | ment | e | Direction g capactty capacity | capacity | gN,E2/(32N,
shape | depth angle 8 factor factor
g Ev)
zZIW
Ni,max Ny, max Nt.max Ny Na
0k 0 9.46 3.42 2.65 10.86 12.69 0.37
90° 7.40 4.72 2.62
08 0 9.65 3.54 2.80 11.02 13.56 0.39
90° 7.56 4.74 2.83
90° 7.66 4.79 3.00
0.64 o
0 9.96 3.71 2.92 11.43 14.53 0.40
90° 7.97 4.96 3.12
15° 9.54 3.96 2.94 - . -
w 30° 9.49 3.84 2.97 - . -
45° 8.84 3.92 2.98 - - -
60° 8.51 4.02 3.09 - - -
750 7.86 4.47 3.10 - . -
0 0 8.58 3.99 1.82 10.84 8.78 0.26
90° 8.19 5.57 1.82
0 0 9.43 3.95 217 11.56 10.46 0.29
90° 8.70 5.67 217
Studless 0.4 0 9.94 4.00 244 12.06 11.76 0.31
link 90° 8.98 5.81 2.44
0k 0 10.29 4.09 2.67 12.42 12.88 0.33
90° 9.20 5.93 2.67
08 0 10.59 4.22 2.86 12.68 13.79 0.35
1 90° 9.21 5.97 2.86
1 0 10.78 4.36 3.01 12.87 14.49 0.36
90° 9.28 6.02 3.01
0 11.13 4.18 3.13 13.25 15.08 0.36
90° 9.55 6.18 3.13
15° 10.65 4.24 3.13 - - -
© 30° 10.35 4.45 3.13 - - -
45° 10.17 4.81 3.13 - - -
60° 9.83 5.31 3.13 - - -
75° 9.60 5.80 3.13 - - -
0 0 8.46 5.50 1.82 11.06 877 0.25
90° 8.55 5.98 1.82
1.5 0° 9.33 5.48 2.17
0.2 11.93 10.46 0.28
90° 9.38 6.24 217
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Embed Normal | Tangential
mbed- . . . beari bearin =
: Interface recti Uniaxial bearing capacity factors caring 18 1=
Link ment roughness Direction g capacity capacity capacity INGEH (32N,
shape | depth angle 8 factor factor
o Ey)
zZIW
Nn,max Ns,max Nt,max Nq Nll
0.4 0 2:97 5.52 244 12.61 11.76 0.30
90° 9.90 6.49 2.44
0.6 0 1047 257 2.67 13.15 12.88 0.31
90° 10.23 6.70 2.67
0.8 0 10.94 2:65 2.86 13.60 13.79 0.32
90° 10.53 6.82 2.86
| 0 1131 =HL 0L 1308 | 1440 033
L5 90° 10.71 6.94 3.01
0 12.14 2.77 3.13 14.82 15.08 032
90° 10.92 7.21 3.13
15° 11.95 5.82 3.13 : : :
o 30° 11.69 6.02 3.13 - - -
45° 11.47 6.31 3.13 3 3 3
60° 11.17 6.65 3.13 - - -
75° 10.98 6.96 3.13 - - -
0 0 8.46 298 182 11.06 8.77 0.25
90° 8.46 5.99 1.82
Studless 0.2 0 9.33 6.25 2.17 11.93 10.46 0.28
link 90° 9.33 6.25 2.17
0.4 0 9.9 6.50 244 12.61 11.76 0.30
90° 9.96 6.50 2.44
0.6 0 1046 6.70 2.67 13.15 12.88 0.31
90° 10.48 6.71 2.67
0.8 0 10.92 6.75 2.86 13.61 13.79 0.32
2 90° 10.98 6.84 2.86
| 0 11.26 6.80 3.01 13.98 14.49 0.33
90° 11.33 7.00 3.01
0 12.09 691 3D 4ss | 1508 032
90° 11.99 7.34 3.13
15° 12.09 6.96 3.13 - - -
© 30° 12.10 7.10 3.13 3 3 3
45° 12.14 7.29 3.13 - - -
60° 12.10 7.36 3.13 - - -
75° 12.02 7.35 3.13 - - -
0° 8.46 5.99 1.82
2.5 0 11.06 8.77 0.25
90° 8.46 5.99 1.82
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550
551

552

Embed Normal | Tangential
mbed- .. . . beari bearin, -
: Interface oot Uniaxial bearing capacity factors caring g Jq=
Link | ment roughness | Direction g capacily capacity | capacity | pn,E2/(32N,
shape | depth g angle B factor factor Ey)
Z/W n
Nn,max Ns,max Nt,max Nq Na
0.2 0 9.33 6.25 217 11.93 10.46 0.28
90° 9.33 6.25 2.17
0.4 0 9.96 6.50 2.4 12.61 11.76 0.30
90° 9.96 6.50 2.44
0.6 0 10.46 6.72 2.67 13.15 12.88 0.31
90° 10.46 6.72 2.67
0.8 0 10.92 6.85 2.86 13.61 13.79 0.32
90° 10.92 6.84 2.86
2.5 o
1 0 11.26 7.01 3.01 13.98 14.49 0.33
90° 11.25 7.00 3.01
0 12.09 7.35 3.13 14.88 15.08 0.32
Studless 90° 12.09 7.35 3.13
link 15° 12.09 7.35 3.13 - - -
© 30° 12.09 7.36 3.13 - - -
45° 12.10 7.38 3.13 - - -
60° 12.09 7.36 3.13 - - -
75° 12.09 7.35 3.13 - - -
0 8.45 6.00 1.82 11.07 8.77 0.25
0.2 9.32 6.27 2.17 11.94 10.46 0.28
04 9.95 6.53 2.44 12.62 11.76 0.30
234 0.6 N/A? 10.46 6.75 2.67 13.18 12.88 0.31
0.8 10.92 6.88 2.86 13.64 13.79 0.32
1 11.25 7.04 3.01 14.01 14.49 0.33
© 12.09 7.35 3.13 14.88 15.08 0.32

a — deeply embedded scenario

b — direction angle f has no difference for the deeply embedded scenario
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