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Introduction methods to analyze the lateral capacity of anchor piles
) . ) ) could be categorized into the limit state method (Broms,
Anchor piles are extensively used in mooring systems 1964), subgrade reaction method (Matlock and Reese,

and effective in many soil conditions. The pile can either 1960), p-y method (Reese ef al., 1974), elasticity method
be drilled in and grouted or driven in with an underwater (Poulos, 1971) and plasticity method (Randolph and

hammer. The modern underwater hammer is capable to Houlsby, 1984). However, the pullout behavior of
operate in water depths up to 2000 m (Randolph er al., anchor piles under inclined loading is limited to
2005). For the good performance under different loading empirical formulae (Yoshimi, 1964; Meyerhof, 1973),
conditions, anchor piles are used in different mooring Finite Element (FE) analysis (Karthigeyan ef al., 2007;
systems, e.g., Tension Leg Platforms (TLPs) under Mroueh and Shahrour, 2007; Achmus and Thieken,
vertical loading, catenary mooring systems under lateral 2010) and experimental investigations (Ramadan, 2011;
loading and taut-wire mooring systems under inclined Shin ef al., 1993; Johnson, 2005; Sharma, 2011).

loading. The axial pullout capacity of anchor piles is The pile for TLPs is attached to the TLP tendon with

controlled by the shaft friction, which was empirically
evaluated as a proportion of the local undrained shear . . . . .
. - floating units is attached to the mooring line with a
strength (s,) in clay, i.e., s, (Randolph er al., 2005). The p | d imal di .
adhesion factor a was investigated by Vijayvergiya and padeye located at an Optima L'oa ng Point (OLP)
Focht (1972), Randolph and Murphy (1985), API (1993) below the top of the pile. For flexible piles, the OLP is
and Kolk and Velde (1996) to reflect the effects of soil chosen to strike an optimum balance between the pile
overconsolidation and slenderness ratio of the pile. The length and the pile cross-section, which are governed by

a latch receptacle at its top, while that for other types of
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the axial component of the mooring load and the bending
caused by the lateral component of the mooring load,
respectively (Eltaher e al., 2003). FE analysis was
performed by Ramadan et al. (2015) to quantify the
effect of padeye depth on the behavior of flexible piles
and an optimal padeye depth was recommended. For
rigid piles, the OLP of the pile is similar to that of
suction anchors, where the failure mode of the pile is
pure translation without rotation (Keaveny et al., 1994).
The OLP of suction anchors is 0.45-0.70 times the
insertion depth of the anchor (Liu ef al., 2013; 2015),
while that of anchor piles was not fully understood.
When the mooring line is attached at the OLP, the pile
has the maximum pullout capacity. The pullout capacity
of the pile is directly determined by the failure mode,
which is influenced by the loading angle of the mooring
line, geometry and strength of the pile and local soil
strength (Meyerhof, 1973; Karthigeyan et al., 2007).
Clearly understanding the failure mode of the pile is
essential to predict its pullout capacity.

A survey of previous researches reveals: (1) previous
FE analysis was all based on the traditional small strain
FE analysis. The whole pullout process of the pile cannot
be simulated. Hence, the failure mode of the pile is hard
to be understood, especially under small loading angles
to the horizontal; and (2) theoretical analysis received
limited attention in analyzing the failure mode and
pullout capacity of anchor piles under inclined loading.
In the present work, both Large Deformation Finite
Element (LDFE) and theoretical analyses are performed
to investigate the failure mode and pullout capacity of
anchor piles. The effectiveness of the LDFE analysis is
at first verified by model test data. Then, a theoretical
method is proposed to predict the OLP, failure mode and
pullout capacity of anchor piles under inclined loading.
Comparative study is also performed between LDFE and
theoretical analyses, which aims to validate the
effectiveness of the theoretical method and yield some
meaningful conclusions for the design of anchor piles.

Large Deformation Finite Element Analysis

The Coupled Eulerian—Lagrangian (CEL) method is a
LDFE technique, which is adopted by the present work
to simulate the failure mode and pullout capacity of
anchor piles. The CEL method overcomes the
disadvantages of pure Lagrangian and Eulerian methods,
which is implemented in the software ABAQUS and uses
an explicit time integration scheme (Dassault Systemes,
2010). The unknown solution in the next time step can be
directly calculated by the solution of the previous time
step without any iteration. In the CEL analysis, multiple
materials (including voids) are supported in a single
element. The flow of Eulerian material among different
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meshes is tracked by computing its Eulerian Volume
Fraction (EVF). If a material completely fills an element,
the EVF is 1; if no material is present in an element, the
EVF is 0. The contact pressure between Eulerian and
Lagrangian materials is calculated by a penalty contact
method, while the shear stress 7 is calculated by the
Coulomb frictional frame, ie., 7 = .o u is the
frictional coefficient and o is the contact pressure. The
CEL method was wildly utilized to solve geotechnical
problems with large deformations (Qiu et al., 2011;
Tho et al., 2013; Hu et al., 2014; Liu et al., 2014,
Dutta et al., 2015; Kim et al., 2015; Zhao and Liu,
2015, 2016; Liu et al., 2016). More information about
the CEL method can be found in (Dassault Systemes,
2010; Benson, 1992).

LDFE Model

Laboratory tests were performed by Shin et al. (1993)
to investigate the pullout capacity of metal piles under &
= 0~50°. @ is the loading angle to the axis of the pile.
The tests were conducted in a box measuring 457 mm X
457 mm x 762 mm. The diameter (D) of the pile was
25.4 mm, while three length-to-diameter (L / D) ratios of
10, 12 and 15 were adopted. The clayed soil was used,
which had a uniform undrained shear strength (s,) of
21.02 kPa. The unit weight (y) of the soil was 19.7
KN/m’. For all tests, the piles were fully embedded in the
soil. The top of the pile was attached to a cable, which
was linked with a load hanger. Step loads were applied
to the hanger until the failure occurred. The laboratory
tests of Shin ef al. (1993) are selected to examine the
LDFE model. In the LDFE analysis, the pile is modeled
as a rigid body, while the soil is modeled by an elastic-
perfectly plastic material with Tresca yield criterion and has
a Poisson’s ratio of 0.495. The LDFE model is illustrated in
Fig. 1, where the minimum mesh size of the soil is L /16.

The force-control with uniform load increments is
used in simulating the pullout behavior of the pile, which
is similar to the laboratory test. The response of the pile
under different load increments is illustrated in Fig. 2,
where 6= 0°, .= 0.25 and Young’s modulus £ = 100s,,
are adopted. Figure 2(a) shows that a steady
displacement is obtained after each load increment and
then an additional load is applied until the failure occurs.
When the failure occurs, the displacement of the pile will
increase infinitely. The load before the infinite pile
displacement is regarded as the pullout capacity of the
pile. The effect of load increment on the load-
displacement relationship is also quantified, as seen in
Fig. 2(b). It shows that the load-displacement curve
converges with decreasing load increment and the
number of load increments is more than 10 in the
following analysis.
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Fig. 2. Response of the pile under different load increments (L /
D = 10) (a) Displacement-time curve (A7 = 14 N) (b)
Load-displacement relationship
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Verification of the LDFE Analysis

The Young’s modulus was not provided by Shin et al.
(1993) in the laboratory test. In addition, the Coulomb
frictional frame, i.e., 7 = g.0, is used by the present
work. Before comparison to the laboratory test, the
effects of Young’s modulus £ and frictional coefficient
M, are preliminarily investigated, as shown in Fig. 3. It
proves that the pullout capacity increases with increasing
values of E and x. When the values of £ and g,
increase, the pile will fail after a smaller displacement.
By comparing to the test data of L / D =10 and 8= 0°, it
is found that the LDFE analysis agrees well with the test
data at £ =100s, and g, = 0.3, which will be used in the
following comparisons.

Three load-displacement curves of L / D = 10 were
provided by Shin et al. (1993), i.e., 6 = 0°, 10° and
40°, which are all calculated by the LDFE model, as
illustrated in Fig. 4(a)-(c). The LDFE analysis agrees
well with the test data under & = 0° and 10°. For 6 =
40°, the pile fails at the load of 200N in the LDFE
analysis, while Shin er al. (1993) took 197.2 N as the
pullout capacity before the failure of the pile. Shin et al.
(1993) also provided the pullout capacities of L / D =
10, 12 and 15 under & = 0°, 10°, 20°, 30°, 40° and
50°, as seen in Fig. 4(d), in which the pullout
capacities calculated by the LDFE analysis are also
presented. The average errors between LDFE analysis
and test data are 2.5, 2.2 and 17.0% for L / D =10, 12
and 15, respectively. As the length-to-diameter ratio
increases to 15, the increase in pullout capacity of the
LDFE analysis is more significant than the test data.

Effects of Loading Angle and Length-to-Diameter
Ratio

The effects of loading angle & and length-todiameter
ratio L / D on the pullout capacity are presented in Fig. 5.
When there is a small value of &, the pullout capacity is
dominated by the frictional resistance acting on the pile.
After a small displacement, the pile achieves the pullout
capacity. As the value of @ increases, the pullout
capacity is dominated by the lateral soil resistance acting
on the pile and a larger displacement is needed to make
the pile fail, as shown in Fig. 5(a). The displacements of
the failure are 1.+ under & = 0° and 90°, respectively.
Figure 5(b) shows that the pullout capacity increases no
more than 7% under & < 30°, while that increases
linearly under 6>50°. The pullout capacities of = 90°
are 2.1, 2.3 and 2.4 times those of = 0° for L / D = 10,
12 and 15, respectively. Figure 5(b) also proves that the
pullout capacity increases with increasing value of L / D,
due to that the bearing and frictional areas of the pile
both increase.



Yanbing Zhao et al. / American Journal of Engineering and Applied Science 2017, 10 (3): 769.780
DOI: 10.3844/ajeasssp.2017.769.780

300

300
250+ =03

250 e —— =02
N S —a— =011

Load (M)

D 1 1 1 1 1 O L n | | N | N | n
00 05 1.0 15 20 25 3.0 0.0 0.5 10 15 20 25 30
Displacement (mnm) Displacement (mm)
(a) (b)

Fig. 3. Effects of frictional coefficient and Young’s modulus (L / D =10, 8= 0°) (a) Load-displacement relationship (p. = 0.3)
(b) Load-displacement relationship (£ = 100s,)

200
200
1540N
b
150 T Y 150 S T_—_—_—_—_—_—_-
= 495N - 3 1522N
T 100 = 100
= s
50 50
- - - Laboratory test - -- — Laboratory test
——LDFE analysis —0— LDFE analysis
0 . L L 1 L 0 I L L )
0 1 2 3 4 2 3 4
Displacement (mm) Displacement (mm)
(2) (b)
234 450
- ® Labovatory test (LD=10)
e | & Laboratory test (L/D=12)
200 7 e - 04 | B Laboratory test (L/D=15)
] Z 350 © LDFEamalysis @D=10) o
1972 N = A  LDFE analysis (LD=12}
Z 150 = I analysis (LD=13
z 2 300] O LDFE analysis (L/D=15) o :
= = F A
3 S 250} N - n
S 100 g = o . = *-“‘ .
= 2001 2 n A o @
50 = - o
- - - Laboratory test 150 © A Q
—0— LDFE analysis L
D 1 1 1 ]00 | | 1 1 1 1
0 1 2 3 4 5 6 0 10 20 30 40 50 60
Displacement (mim) Loading angle (°)
(c) (d)

Fig. 4. Verification of the LDFE analysis (a) Load-displacement relationship (6= 0°) (b) Load-displacement relationship (8
=10°) (c) Load-displacement relationship (€= 40°) (d) Comparison of the pullout capacity

772



Yanbing Zhao et al. / American Journal of Engineering and Applied Science 2017, 10 (3): 769.780

DOI: 10.3844/ajeasssp.2017.769.780

350
700
e LD=10
600- m LD=12 &
- A LD=15
Z 500+ A
=y = F " ]
< 2 400} e
E = A .
e Z 300} A N « °
= A 4 L] .
B A A L] .
-' Z200Fw w = " e @
¥ l e ¢ ®© *®
50 4 100 -
O F 1 1 1 1 0 1 1 1 1 1 1 L 1 1 1
0 5 10 15 20 25 0 10 20 30 40 50 60 70 80 S50 100
Displacement (mim) Loading angle (°)
(@) (b)
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Analytical Method

When anchor piles are used in the catenary or
tautwire mooring system, the pile is usually attached to
the mooring line at an optimal location below the pile
top, which is defined as the OLP. For rigid piles, the
OLP of the pile is similar to that of suction anchors, where
the failure mode of the pile is pure translation without
rotation (Keaveny et al., 1994). When the mooring line is
attached at the OLP, the pile has the maximum pullout
capacity. In this section, an analytical method is developed
to predict the failure mode and pullout capacity of anchor
piles at the OLP. In addition, the analytical method that can
evaluate the OLP is also proposed.

Mechanical Model for Anchor Piles

When a pullout force is applied at the OLP, the pile
will fail along the failure direction (f) without
rotation. The forces acting on the pile under failure
are illustrated in Fig. 6(a), in which T, is the pullout
capacity of the pile, 7, and 7, are the components of
T, along and normal to the failure direction,
respectively, Fj, is the end bearing in the failure
direction, Fi g and Fj, are the shear forces on the
shaft and the tip of the pile, respectively and W is the
submerged weight of the pile. The force equilibrium
in the failure direction is established as:

T,=F +F, ,.+F

s.shaft s.tip

sinff+W'cos (H

The pullout capacity of the pile can be expressed as:

F, +F

s.shaft s.tip

sin f + W‘cosﬂ)

‘ (5 + @

]—;l 7SN
cos(6-p

The forces acting on the pile are evaluated as:
(1) End bearing F,
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The end bearing F), can be calculated adopting the
bearing capacity formula for strip footings proposed by
Skempton (1951), that is:

F, =N,_s

cPu.a

4, (3)
where, N, is the end bearing factor of the pile, s, is the
average undrained shear strength at the mid-depth of the
pile and 4, = DH, sinf3 is the effective bearing area of
the pile in the failure direction, in which H, is the
distance from the mudline to the tip of the pile.
(2) Shear force acting on the shaft of the pile F
The shear force Fg,; is calculated from the
conventional pile design in clay, that is:
F,

s.shaft =as A

u.a*"s shaft (4)
where, o is the adhesion factor and A, .z = DH, (7
=2p)/cosf is the effective shear area of the shaft
(Liu et al., 2013).

(3) Shear force acting on the tip of the pile £ ;.

F,

s.tip T

A

j‘asu,np s.tip

(%)
where, s, is the undrained shear strength at the tip of
the pile and A4, = nD* / 4 is the effective shear area of
the tip. The value of £ ,, increases with increasing value
of £, so an inclination factor A = 2 /x is introduced to
calculate the shear force acting on the tip of the pile in
any failure direction.

Method for Predicting the Failure Mode and
Pullout Capacity

The pullout capacity is determined by the failure
mode of the pile. In the present work, the pile is
regarded to fail in the direction along . If the value of
P is determined, the pullout capacity will be obtained.
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In the theoretical analysis of the movement direction of
drag anchors, Liu et al. (2012) proposed that there are a
series of possible failure directions of the anchor, the real
failure direction must be the direction in which the soil
resistance is easiest to be overcome by the mooring force.
In other words, the failure direction that needs the least
mooring force to overcome soil resistances is the real
failure direction, which is defined as the “least-force
principle”. With this principle, the failure mode and pullout
capacity of suction anchors were analyzed both in clay and
sands (Liu et al., 2013; 2015). The “leastforce principle” is
also adopted by the present work.

To get the least pullout force, the first derivative of T,
will be investigated via Equation (2), that is:

dr, 1
dp _cosz(ﬁ—ﬂ)T(ﬁ)

(6)

where, T(B) = Fy + Fy g T Fyup [sinf +cosf cos(6 - B)]
+W[cosp — sinf cos(8 ~B)H(dFy | df + dFsgan | df +
dF, .,/ dfsinf) cos(0-fF)and0< 6, f<7x/2.

The minimum value of 7, is only reached at three
types of points: (a) the boundary points, i.e., § =0
and S = 7/ 2; (2) the points that meet the equation of
dT,/ dp =0, i.e., the first derivatives at the points are
zero; and (3) the points that the first derivatives are
nonexistent. Calculating and comparing the values of
T, at the three types of points via Eq. (2). The failure
direction B with the minimum value of 7, is then the
real failure direction 3, and the corresponding 7,(j3,)
is the pullout capacity of the pile.

Method for Predicting the OLP

The location of the OLP is the depth where the
resultant overturning moment of the pile is zero. The
mechanical model for predicting the OLP is illustrated in
Fig. 6(b), in which Point O is at the depth of the centroid
of the soil profile and the distance from Point O to the
mudline is zy; Point C is the intersection of the mooring
force and the axis of the pile and the distance from Point
C to the mudline is zq; and zy;p is the distance from the
OLP to the mudline. Considering that the end bearing F}
and the shear force Fi,; pass through Point O, the
overturning moments of all forces to Point O are
dominated by T, and Fj,,. Hence, the location of the
OLP is calculated by making the resultant overturning
moment to Point O equal zero, as the following:

XM, =0 (M
Equation (7) can be further expressed as:
T, (z(ﬁ—zo)sinﬁ—Fg_ﬁp(Hp—zu)=0 ®)

775

With the geometrical relationship between Point O
and the OLP, i.e., zo;p = zc —Dcot 6/ 2, the location of
the OLP can be expressed as:

s.tip

T, sin@

®

Zop = 20 +

(HP —zo)—gcotﬁ

The pullout capacity is calculated at first by the
method in Section 3.2 and then the location of the OLP
can be obtained by Equation (9).

Comparative Study between LDFE and
Theoretical Analyses

In this section, LDFE and theoretical analyses are both
performed to investigate the OLP, failure mode and pullout
capacity of anchor piles. L / D = 10 and 12 and s, = 21.02
and 3+2z kPa are adopted in the following analysis.

Optimal Loading Point

When the mooring line is attached at the OLP, the
pile has the maximum pullout capacity. In the LDFE
analysis, a displacement-control method is used to
calculate the OLP of the pile. The pile is pulled along the
failure direction S. The load-displacement curves at
different attachment points under 5 = 60° are presented
in Fig. 7(a), which shows that the curves have the same
increasing trend. To save the calculation time, the load at
the displacement of 0.2D is selected as the pullout
capacity to determine the OLP. Figure 7(b)-(d) shows
that the pullout capacities at different attachment points
are quite different when £ > 5°. For = 60°, the pullout
capacities at the attachment point z, = 0.53L are 38.0%
and 36.7% larger than those at z, = 0.38L for L / D =10
and 12 in the soil strength of s, = 21.02 kPa,
respectively, while the pullout capacity at z, = 0.66L is
50.4% larger than that at z, = 0.5L for L / D = 12 in the
soil strength of s, = 3+2z kPa. When £ < 5°, the pullout
capacities are hardly affected by the attachment point.
For £ = 0°, the pullout capacities at different attachment
points are the same, which means any point on the pile
can be regarded as the OLP. To conform to the practice,
the top of the pile is selected as the OLP when = 0°.
For other values of g, the value of zy,;p is 0.53L both
for L/ D =10 and 12 in the soil strength of 5, = 21.02
kPa, while that is 0.66L for L / D = 12 in the soil
strength of 5, = 3+2z kPa.

Comparison of the OLP is presented between LDFE
and theoretical analyses, as seen in Fig. 8(a)-(c). For =
0°, the OLP is at the top of the pile both for LDFE and
theoretical analyses. For g = 5°, 15°, 30°, 60° and
90°, the values of zy;p calculated by the theoretical
analysis are both 0.49-0.5L for L / D = 10 and 12 in
the soil strength of 5, = 21.02 kPa, which are slightly
smaller than 0.53L calculated by the LDFE analysis.
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In the soil strength of s, = 3+2z kPa, the values of z; p
calculated by the theoretical analysis vary in 0.62—
0.64L, while those calculated by the LDFE analysis
are 0.66L. Both theoretical and LDFE analyses
demonstrate: (1) when £ > 5°, the OLP is hardly
affected by the failure direction S ; (2) the OLP is not
affected by the length-to-diameter ratio in the soil
with uniform strength; (3) the OLP is significantly
influenced by the soil strength. Figure 8(d) presents
the theoretical result of OLP-loading angle
relationship, which proves that the OLP is very
sensitive to the loading angle 6. Hence, it is better to
adopt the force-control method to investigate the
failure mode and pullout capacity of anchor piles.

Failure Mode and Pullout Capacity

Based on the OLPs calculated in Section 4.1, LDFE
analysis is performed to investigate the failure mode and
pullout capacity of anchor piles. The force-control
method proposed in Section 2.1 is adopted. The failure
mode and pullout capacity of the pile are presented under
loading angles of &= 0°, 10°, 20°, 30°, 40°, 50°, 60°, 70°,
80° and 90°, as seen in Fig. 9. The theoretical analysis is
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also carried out, where the values of N, and o in Equations
(3)~(5) are calibrated through the pullout capacities of the
LDFE analysis at 8= 90° and 0°, respectively.

Figure 9(a), (c) and (e) proves that the theoretical
analysis has a general agreement with the LDFE analysis
for the failure direction £ and the difference of S between
LDFE and theoretical analyses is within 9°. Figure 9(a), (c)
and (e) also demonstrates that the loading angle & is
obviously different from the failure direction S. There is
a critical loading angle 6., below which the pile will be
pulled out vertically, i.e., = 0°. For s, = 21.02 kPa, the
values of g, calculated by the theoretical analysis are 74°
and 73° for L / D = 10 and 12, respectively, while those
calculated by the LDFE analysis are both 60°. For s, = 3+2z
kPa, the values of &, calculated by the theoretical analysis
is 68°, while that calculated by the LDFE analysis is 50°.
Figure 9(b), (d) and (f) shows that the pullout capacities
under inclined loadings calculated by the theoretical
analysis agree well with those calculated by the LDFE
analysis. The average errors are 2.2% (L / D = 10, s, =
21.02 kPa), 3.5% (L / D = 12, s, = 21.02 kPa) and 3.0%
(L/D=12,s,=3+2zkPa).
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Fig. 9. Comparison of the failure mode and pullout capacity between LDFE and theoretical analyses (a) Failure mode (L / D
=10, s, = 21.02 kPa) (b) Pullout capacity (L / D =10, s, = 21.02 kPa) (c) Failure mode (L / D = 12, s, = 21.02 kPa)
(d) Pullout capacity (L / D =12, s, = 21.02 kPa) (e) Failure mode (L / D = 12, s, = 3+2z kPa) (f) Pullout capacity (L /

D =12, s,=3+2z kPa)
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Fig. 10. Comparison of the pullout capacity at the OLP and top of the pile (s,=21.02 kPa) (a) L/ D=10(b) L/ D =12

Pullout Capacity at the OLP and Top of Anchor Piles

Figure 10 presents the LDFE results of the pullout
capacities at the OLP and top of the pile, which shows that
the pullout capacity at the OLP is nearly the same as that at
the top when < 40°. When the value of @ exceeds 40°, the
pullout capacity at the OLP is larger than that at the top. In
the soil strength of s, = 21.02 kPa, when the mooring line is
attached to the top of the pile, the lateral capacity is 2.1 and
2.3 times the vertical pullout capacity for L / D =10 and 12,
respectively. When the mooring line is attached to the OLP
of the pile, the lateral capacity is 4.7 and 4.6 times the
vertical pullout capacity for L / D = 10 and 12, respectively.
The lateral capacity at the OLP is 2.2 and 2.0 times that at
the top for L / D =10 and 12, respectively. In the large-scale
model test of suction anchors, Keaveny et al. (1994) also
found that the lateral capacity at the mid-depth of the
anchor was twice that at the anchor top. For TLPs, the
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loading angle & of the pile is nearly zero, the pullout
capacity is not affected by the location of the attachment
point. For catenary and taut-wire mooring systems, the
loading angle @ is typically in 45-60° (Randolph et al.,
2005; Ehlers et al., 2004), the attachment point should
be carefully selected.

Concluding Remarks

Based on the CEL method and a rational mechanical
model, LDFE and theoretical analyses are performed to
investigate the failure mode and pullout capacity of
anchor piles, respectively. In the LDFE analysis, two
preliminary works are carried out, including the method
to determine the pullout capacity and the effects of
Young’s modulus and frictional coefficient on the
pullout capacity. By comparing with model test data, the
effectiveness of the LDFE analysis is verified. With the
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limit equilibrium method and “least-force principle”, a
theoretical method is also established to predict the OLP,
failure mode and pullout capacity of anchor piles.

Comparative study is performed between LDFE and
theoretical analyses in terms of the OLP, failure mode
and pullout capacity of the pile. The pullout capacities of
the pile at different attachment points are quite different
when (>5°, while they are hardly affected by the
attachment point when f<5°. For g = 0°, the pullout
capacities at different attachment points are the same,
which means any point on the pile can be regarded as the
OLP. To conform to the practice, the top of the pile is
selected as the OLP when £ = 0° in the LDFE analysis.
The theoretical prediction of the OLP agrees well with the
LDFE analysis. Both LDFE and theoretical analyses prove
that the OLP is not affected by the length-to-diameter ratio
and the failure direction of the pile of S > 5°, while very
sensitive to the soil strength and the loading angle.

The failure mode and pullout capacity of the pile
predicted by the theoretical analysis also agree well with
those calculated by the LDFE analysis. Both LDFE and
theoretical analyses demonstrate that there is a critical
loading angle, below which the pile will be pulled out
vertically. The critical loading angle is not affected by
the length-to-diameter ratio, while slightly influenced by
the soil strength. When the loading angle & exceeds 40°,
the pullout capacity at the OLP is larger than that at the
top of the pile. For TLPs, the loading angle & is nearly
zero, the pullout capacity is not affected by the location
of the attachment point. However, for catenary and
tautwire mooring systems, the attachment point should
be carefully selected. The lateral capacity at the OLP
could be more than twice that at the top of the pile.
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