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Optimum Geometry of Monopiles With Respect to the Geotechnical Design
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In the near future, several offshore wind farms are planned to be erected in the German North Sea. Monopile foundations
are often a favorable solution to transfer environmental loads into the subsoil. In most cases, the Serviceability Limit State
(SLS) proof is design-driving, i.e., compliance with admissible deflections or rotations of the monopile is key. A crucial point
herein is the required limitation of cyclically accumulated irreversible rotations of the pile head due to operational constraints
of the wind turbine. Since several design solutions fulfill the technical demands, the most important issue in monopile design is
the determination of a suitable monopile geometry, i.e., the diameter D and the embedded length L, which also fulfills
economic demands. An optimization analysis was conducted with respect to the geotechnical design requirements and the
economic criteria for two optimization targets, namely the minimum pile mass and a combination of the pile mass and the
embedded pile length. An optimum slenderness ratio L/D is presented as a function of the required accumulated rotation,
system dimensions, and number of cyclic loads. With the presented results, a monopile design can be obtained that fulfills both
geotechnical and economic demands.

INTRODUCTION

In the near future, several offshore wind farms are planned to be
erected to satisfy the demand for more renewable energy sources in
Germany. Most of them are expected to be installed in the German
North Sea. Here water depths between 20 m and 40 m and sandy
subsoils predominate.

For moderate water depths of up to 30 m or even 35 m, monopiles
are suitable and in most cases are favorable as foundations in
comparison to other support structures. Up to now, the diameters
were usually between 3 m and 6 m, but for the greater water depths,
diameters of up to 8 m are under planning. Figure 1 schematically
shows a monopile foundation with a typical model used for the
approximation of the subsoil response.

Concerning the geotechnical design of monopiles, the Ultimate
Limit State (ULS) proof and the Serviceability Limit State (SLS)
proof have to be followed. The ULS proof prevents a failure state
by ensuring that the soil strength is not exceeded due to a rare
extreme loading event, whereas the SLS proof ensures that the
deformations of the monopile and the Offshore Wind Turbine
(OWT) are limited in such a way that a trouble-free operation is
possible. In addition to these design proofs, the eigenfrequency of
the structure-soil system has to be separated from the operation
frequency (1P) and the blade passing frequency (usually 3P) to
avoid dynamic amplification effects, which would increase fatigue
loads and reduce the structure’s lifetime. This requires a certain
stiffness of the monopile-soil system under operational loads. This
issue, however, is not considered in this study since only the
geotechnical design proofs are taken into account.

In most cases, the geotechnical ULS proof is not design-driving
for monopiles in sandy soils (Thieken et al., 2014). Instead, the
design and especially the required embedded pile length are
influenced more by the geotechnical SLS proof. Usually the
accumulation of the plastic rotations during the lifetime of an
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OWT is considered, which means that the permanent inclination of
the foundation should be limited. The serviceability is ensured if
the accumulated plastic rotation does not exceed a critical value,
which depends on the installed OWT. In most projects so far, the
critical permanent rotation value was set to 0.5�, of which 0.25�

was assigned to installation tolerances. Therefore, the usual limit
value for permanent rotation due to cyclic loading is also 0.25�.

In addition to the geotechnical design proofs, it is important to
ensure that the chosen design fulfills economic criteria. Predomi-
nantly, the pile mass should be reduced to a minimum since the
steel costs are one of the largest parts of the total costs. Depending
on the pile driving time, it can also be of interest to minimize the
required embedded pile length, which then leads to less installation
costs. So far, this aspect is not covered by the design proofs men-
tioned above. Hence, a set of designs can be determined as suitable
regarding the technical demands, whereas only one solution exists
that also fulfills the economic interests.

In most monopile designs realized so far, the ratio of the
embedded length to the diameter has been around 5 to 6. Here
we address the question of which L/D ratio (slenderness ratio)
is optimal with respect to geotechnical design requirements and
economic (cost) issues. A study was conducted regarding an
optimized design of a monopile foundation in sandy soil with respect
to the SLS and the economic criteria. The cyclic accumulation of
the plastic pile head rotation was taken into account by application
of the Stiffness Degradation Method (SDM) presented by Kuo
(2008). Two optimum slenderness ratios corresponding to the
minimum pile mass and to a reduced pile mass combined with an
optimized pile length are presented as functions of the number of
cycles and the desired pile head rotation for a monopile in medium
dense sand.

CALCULATION APPROACH FOR MONOTONIC LOADS

p-y Method

The calculation of the deflection of a laterally loaded pile is
usually carried out by using the p-y method according to the
American Petroleum Institute guidelines (API, 2007). The monopile
is substituted as a beam with its specific properties, which is
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Fig. 1 Monopile foundation with p-y curves used to model soil
response

connected along the embedded depth to several springs, namely
the p-y curves. To reach convergence results, a sufficient number
of p-y curves should be used, e.g., each 0.2 m. The p-y curves
implement the ground response by a nonlinear relationship between
the resistance of the subsoil and the displacement for a certain depth.
The ultimate strength pu and the initial stiffness Epy increase with
depth for homogeneous soil conditions, as illustrated in Fig. 1. For
sandy soil and a monotonic load, Eq. 1 determines the described
relationship. The initial slope of the p-y curve is termed Epy and
depends linearly on a stiffness parameter k and the considered
depth z, i.e., Epy = kz.

Through the use of the p-y method, a three-dimensional problem
is reduced to one dimension, where the calculation is simplified to
a system consisting of a beam element embedded on springs:

p4y5=Apu tanh
(

kz

Apu

y

)

(1)

where

pu = min6� ′z4c1z+ c2D53� ′zc3D7 Theoretical ultimate
resistance

A= 43 − 008z/D5≥ 009 Correction factor
� ′ Effective unit weight
z Current depth
D Pile diameter
c11 c21 c31 k Dimensionless coefficients

according to Fig. 2

Modification for Large Diameter Piles

The p-y method presented above has been successfully used as
an offshore technique for decades. However, experience is limited
to piles with relatively small diameters. Several studies (e.g., Lesny
and Wiemann, 2005; Sørensen et al., 2010) show that the original
p-y curves are valid only for relatively small diameters up to
about 3 m. For the calculation of monopiles with larger diameters,
modifications should be applied to Eq. 1. On the basis of numerical
simulations, Sørensen et al. (2010) proposed an adaptation of the

Fig. 2 Dimensionless coefficients for the p-y curves

initial stiffness parameter k as a function of the diameter, depth, and
soil strength according to Eq. 2, as shown below. This modification
was applied in further calculations made in this study:

kSørensen =
50000 kN/m2

z

(

z

zref

)006(
D

Dref

)005

�306 (2)

where
z Depth (in m)
D Diameter
zref = 1 m Reference depth
Dref = 1 m Reference diameter
� Angle of internal friction (in rad)

Effect of Variable Pile Wall Thickness

A constant pile wall thickness t is considered in this study, where
the value is linked to the diameter D by Eq. 3, as shown below:

t =D/60 (3)

In practice, the pile wall thickness usually varies along the embedded
pile length with respect to structural design requirements. However,
a constant pile wall thickness tconst almost leads to the same
deformation results when compared to an averaged pile wall
thickness tmean of a pile with variable thickness, if the ratio of
the pile top thickness to the pile tip thickness ttop/ttip remains
relatively small. Therefore, Fig. 3 shows the deflection of two
monopiles with a variable and a constant pile wall thickness for
two different horizontal loads. It can be seen that very similar
deflection characteristics occur, although in the case with variable
thickness, a rather great change in the wall thickness along the pile
length was taken into account.

Fig. 3 Comparison of the deflection characteristics for two pile
wall thickness arrangements
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Dependence of the Extreme Load on Pile Diameter

Since resultant wave loads strongly depend on the size of a
structure, the diameter has a significant impact on the resulting
horizontal force acting on a monopile. However, Scharff and Siems
(2013) have shown that the horizontal load magnitude can be
reduced by using conical monopiles above the sea bottom, where the
reduction depends on the cone angle. If this is done, the horizontal
force can be kept almost independent of the monopile diameter
within a certain range. Therefore, in most calculations presented
here, this assumption of a constant (i.e., diameter-independent)
horizontal load was made.

In comparison, some calculations were also done in which a
monopile without conical reduction was assumed. Here, the increase
of the horizontal load with the diameter was considered. For a
monopile with a constant diameter of 3 m in 35 m water depth, the
characteristic horizontal extreme load was approximately 5 MN,
and an increase in the diameter led to an increase in the extreme
load of approximately 2 MN per m (Scharff and Siems, 2013).

INFLUENCE PARAMETERS REGARDING THE PILE
HEAD ROTATION

The main parameters governing the magnitude of the pile head
rotation of a monopile system in a certain soil are the embedded
pile length, the pile diameter, and the bending stiffness, i.e., the
pile diameter in conjunction with the wall thickness. In order to
exemplarily quantify these effects, calculations of the pile head
rotation were carried out. Here and in all the following calculations,
the p-y method with modification according to Sørensen et al.
(2010), as described in the preceding section, was applied for
monotonic loading.

Figure 4 illustrates the pile head rotation under monotonic
loading of two monopile systems with different wall thicknesses
for two loading conditions and varying embedded pile lengths.
Evidently, the pile head rotation � can be minimized by increasing
the embedded pile length. However, an increase of the pile length
is effective only up to a certain length Lc1const. A further increase
does not lead to a reduction of the pile head rotation. Figure 4 also
shows that the length Lc1const is dependent on the load magnitude,
i.e., a greater load induces a greater Lc1const.

The wall thickness (or bending stiffness) of the pile represents
another parameter that affects the pile head rotation �. Figure 4
also shows that the influence of an increase in the wall thickness

Fig. 4 Pile head rotation with increasing pile length for different
pile wall thicknesses

Fig. 5 Pile head rotation with increasing pile length for different
pile diameters

can be recognized only if a certain length Leff is exceeded. For
L < Leff , the pile behaves almost as a rigid pile even for the
smallest thickness considered. For larger embedded lengths, the
effect of the wall thickness is greater when the load is greater.

The pile diameter also affects the deformation behavior. Figure 5
shows results for three pile systems with different diameters for
two loading conditions, where the wall thicknesses were chosen
so that the bending stiffness is equal for each pile. A greater
diameter leads to stronger reduction with an increasing loading
level, especially for pile lengths smaller than Lc1const. In contrast,
for greater pile lengths, the effect of the diameter on the pile head
rotation is smaller or even negligible at small load levels.

As shown above, a number of geometric parameters of a monopile
affect the pile head rotation under monotonic loading. Figures
3 and 4 show that the embedded pile length should usually lie
between Leff and Lc1const:

Leff ≤ L≤ Lc1const (4)

In terms of the practical design, however, cyclic loading should be
considered. This means that from all the load packages acting over
the projected lifetime of the structure, an equivalent number of
load cycles with respect to the design load have to be derived. Kuo
et al. (2012) showed that with respect to accumulated deflections,
embedded lengths L>Lc1const can make sense. Therefore, cyclic
loading or the effect of the number of load cycles N has to be
taken into account.

CONSIDERATION OF THE EFFECT OF CYCLIC
LOADING

Regarding the serviceability of an OWT foundation structure,
the plastic rotation within the lifetime of the structure should be
limited to a certain value. As mentioned above, a typical value
for the allowable permanent rotation of a monopile due to cyclic
loading is 0.25�.

With the calculation approach for monotonic loading presented
above, the total deformation and rotation of the monopile under load
is obtained. After unloading occurs, the deformation decreases by
the elastic portion of the total deformation. The plastic (permanent)
rotation due to a loading event with N cycles can thus be determined
by subtracting the elastic rotation �el4N5 from the total rotation
�total4N 5:

�pl4N 5= �total4N 5− �el4N 5 (5)
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Number of cycles N A B

100 1.361 1.331
1000 1.427 1.639
10000 1.505 1.981

Table 1 Regression parameters according to Kuo (2008)

Due to cyclic loading, the deformations and the head rotation of a
pile generally increase with the number of load cycles. The total
rotation �total4N 5 can be calculated by multiplying the rotation due
to one loading cycle by an increase factor �SDM that accounts for
N cycles:

�total4M5= �total4N = 15�SDM (6)

The cyclic increase factor �SDM is derived from the Stiffness
Degradation Method (SDM) presented in Kuo (2008) and Achmus
et al. (2009). The SDM is a method for calculating monopile
deformations due to cyclic one-way (swell) loading by using
numerical simulations in combination with stiffness parameters
derived from cyclic laboratory tests. Basically, the stiffness of
the soil in a numerical model is reduced according to the cyclic
behavior gained from laboratory triaxial tests. Kuo (2008) validated
this method in several experimental tests with a suitable agreement.

In order to simplify the application of this method, Kuo (2008)
carried out parametric studies for monopiles in sand with his model
and derived a calculation approach for the cyclic increase factor by
a regression analysis. The resulting analytical equation for �SDM for
medium dense sand with an assumed internal friction angle of
�′ = 35� is given in Eq. 7. In this analysis, the response results of
monopile systems with the following dimensions were evaluated:
pile diameters D = 205 m, 5.0 m, and 7.5 m; embedded pile lengths
L = 20 m, 30 m, and 40 m; pile wall thicknesses t = 0007 m,
0.09 m, and 0.011 m; and horizontal loads H = 5 MN, 10 MN,
and 15 MN with relative moment arms of h/L= 002, 0.5, and 1.0:

�SDM = e
4A−102085 ln

(

H4h+L5

�′DL3

)

+B−00588
≥ 1 (7)

where

L Pile embedded length (in m)
H Horizontal load (in kN)
h Moment arm (in m)
D Pile diameter (in m)
� ′ ≈ 10 kN/m2 Buoyant effective unit weight
A, B Regression parameters from Table 1

The elastic portion of the total rotation, in which linear elastic
springs are assumed, is estimated by calculating the pile deformation
with a stiffness equal to the initial stiffness of the p-y curves,
i.e., p4y5=Epyy. It is thus assumed that the unloading stiffness
determining the elastic rotation is equal to the initial stiffness of the
p-y curve and independent of the considered number of load cycles:

�el4N 5≈ �el4N = 15 (8)

OPTIMUM REDUCTION OF THE PILE HEAD
ROTATION

Figure 6 further illustrates the effect of the monopile geometry
on the pile head rotation. The embedded length and the diameter of
a monopile in medium dense sand were varied, and the total pile
head rotations for a monotonic load (N = 1) and cyclic loading with
N = 1000 cycles were calculated for a certain loading condition
(H = 10 MN, h= 30 m) by using the approaches stated above.

Fig. 6 Response surface for the pile head rotation with H = 10 MN
and h= 30 m for N = 1 (top) and N = 1000 (bottom)

The resulting graphs show the response surfaces for the pile head
rotation. The maximum gradient curve for the reduction of the pile
head rotation is highlighted in these graphs. Changing D and L

along this curve gives the greatest effect on the pile head rotation.
These paths are also illustrated in Fig. 7 by their projections on the
L-� and the D-� planes for both surfaces.

Fig. 7 Projections of the maximum gradient curves given in Fig. 6
on the L-� and D-� planes
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It can be seen in each case that both properties, namely the pile
diameter and the pile length, should be increased simultaneously
for the efficient reduction of the pile head rotation. This means that
keeping the diameter fixed and increasing only the pile length do
not reduce the rotation as much as also increasing the diameter
would do. A comparison of the graphs in Fig. 6 (top and bottom)
also shows the considerable effect of cyclic loading (with N = 1000)
on the required monopile geometry.

The maximum reduction of the pile head rotation, however, does
not necessarily lead to an economic solution. Economic issues, i.e.,
costs resulting from the steel mass and driving effort, must also be
considered in an optimization. Furthermore, the behavior due to
cyclic loading should be considered in such a process.

OPTIMIZED DESIGN

A comprehensive study was conducted to identify an optimum
design for a monopile foundation in medium dense sand, which
considered economic demands and geotechnical (SLS) requirements.
Several response surfaces, which concerned the plastic pile head
rotation due to cyclic loading �pl4N5 as a function of the pile
diameter and pile length, were established for a wide range of
horizontal force H (H = 005 MN, 1 MN, 5 MN, 10 MN, and
20 MN) and for the moment arm h (h= 15 m, 30 m, and 45 m).
In total, 15 response surfaces were calculated. A homogeneous
medium dense sand with an internal friction angle of �′ = 35� was
assumed.

For each response surface, a Pareto Front (see Fig. 8) for the
following allowable plastic rotations (�lim = 0010�, 0.15�, 0.20�,
0.30�, 0.40�, and 0.50�) was determined and analyzed for the
following two optimization targets:

• An optimum design regarding the pile mass (Opt1)
• An optimum design regarding the pile mass and embedded

pile length (Opt2)
Hence, for each optimization target, a total of 90 (15 × 6)

optimum designs in terms of the slenderness ratios were obtained.
These determined slenderness ratios are plotted in Figs. 9 and
10, respectively. The regression function was found to represent
the results for the optimum slenderness ratio (L/D5opt with good
accuracy, according to Eq. 9:

4L/D5opt =C

(

�lim

4Hh5105

(

L

D

)4)E

(9)

Fig. 8 Pareto Front for H = 5 MN, h = 30 m, N = 1000, and
�lim = 0020�

C E

Number of cycles N Opt1 Opt2 Opt1 Opt2

100 11.935 10.424 0.0411 0.0428
1000 11.843 10.194 0.0406 0.0423
10000 12.268 10.129 0.0418 0.0419

Table 2 Regression parameters for the estimation of the optimum
slenderness ratio according to Eq. 9

where

�lim Allowable pile head rotation (in rad)
H Horizontal load (in kN)
h Moment arm (in m)
L Pile length (in m)
D Pile diameter (in m)
C, E Regression parameters from Table 2

Pareto Optimization

Regarding the second optimization target, a multi-objective
optimization was performed, which led, in almost all cases, to a set
of possible solutions with respect to the optimized objectives. This
set of several solutions is known as a Pareto Front (see Fig. 8).
Usually the knee point of a Pareto Front can be seen as the best
design regarding both objectives (Juang et al., 2014). However, in
this study, the optimum slenderness ratio regarding both objectives
was derived by emphasizing the target of the minimum pile mass in
a stronger way, since the reduced pile length would not compensate
for the huge increase in the pile mass with respect to the knee
point. Therefore, the allowable pile mass was limited to 1.05 of the
minimum pile mass. By doing so, a design was obtained that led to
a slightly higher pile mass of 1.05 of the minimum pile mass in
combination with a reduced pile length, as compared to the first
optimization target (see Fig. 8).

Figure 8 illustrates a Pareto Front for the analyzed response
surface, with H = 5 MN, h= 30 m, N = 1000, and �lim = 0020�.
Both optimization targets are marked therein. It can be seen that
for the first optimization target, only one solution corresponding to
the smallest pile mass exists. Regarding the second optimization
target, it can be noticed that a reduction of the required pile length
leads to an increase in the required pile mass since a higher pile
diameter is necessary. With respect to the limitation of the pile
mass mentioned above, a solution is also found on the Pareto Front
for the second optimization target.

Optimization With Respect to Diameter-Dependent Load

In addition, an optimization for a monopile without conical
reduction and thus with diameter-dependent loading was performed
with respect to both optimization targets. The horizontal load was
thereby linked to the diameter according to the characteristic load
and increase rate specified above. Thus, each investigated system
was loaded with the adapted characteristic ULS load. Here only
optimum slenderness ratios were obtained for N = 100, since for
higher cyclic loading numbers even the largest allowable rotation
of �lim = 0050� was exceeded. The function given in Eq. 10 was
found to represent the calculated optimum slenderness ratio with
sufficient accuracy:

4L/D5opt = F

(

�lim

Hh
DL3

)G

(10)
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Fig. 9 Optimum slenderness ratio for a minimized pile mass (Opt1)

Fig. 10 Optimum slenderness ratio for a minimized pile mass in combination with a minimized pile length (Opt2)

F G

Number of cycles N Opt1 Opt2 Opt1 Opt2

100 34.112 32.213 0.2943 0.3010

Table 3 Regression parameters for the estimation of the optimum
slenderness ratio according to Eq. 10

where

�lim Allowable pile head rotation (in rad)
H Horizontal load (in kN)
h Moment arm (in m)
L Pile length (in m)
D Pile diameter (in m)
F, G Regression parameters from Table 3

DISCUSSION

Figure 9 depicts the outcome for the first optimization target.
For a dimensionless coefficient depending on the desired allowable
rotation, loading condition, pile geometry, and number of cycles, an
optimum slenderness ratio 4L/D5opt corresponding to a minimized
pile mass is presented. With the use of a normalized expression, all
calculated points could be well-fitted with an exponential function
in regard to the cycle number N .

Concerning the installation costs of a monopile foundation, it
can also be beneficial to reduce the required embedded pile length,
which leads to shorter offshore driving time spans. Therefore, the
second optimization target focused on two objectives, namely the
pile mass and pile length.

Figure 10 depicts the derived outcome for the second optimization
target. Again, an optimum slenderness ratio 4L/D5opt for medium
dense sand is presented as a function of a normalized parameter,
which accounts for the desired rotation stiffness and pile geometry
for different cycle numbers. It can be noticed that lower slenderness
ratios were obtained in comparison to the first optimization target
in Fig. 9, i.e., more compact monopile design solutions due to a
reduced pile length were obtained. In general, optimum slenderness

ratios 4L/D5opt = 503 to 8.1 for Opt1 and 4L/D5opt = 402 to 6.7 for
Opt2 were calculated, where an increase in the horizontal loading
and moment arm led to a decrease in the optimum slenderness ratio.

For N = 100 loading cycles, the obtained solutions for a monopile
with a diameter-dependent load (constant diameter) are presented in
Fig. 11. In contrast to the calculations with a diameter-independent
load, these optimized regression functions are valid only for the
loading conditions of the monopile specified above (e.g., a load
increase rate of 2 MN per m diameter). It can be seen that more
slender monopile geometries were obtained compared to the results
for the diameter-independent load.

EXAMPLE

Since the pile geometry in terms of the diameter and length has
to be determined for the calculation of the optimum slenderness
ratio, the optimization of a monopile foundation leads to an
iterative process. Two iteration steps of an optimization for the first
optimization target will be illustrated in detail.

Fig. 11 Optimum slenderness ratio for N = 100 cycles with respect
to diameter-dependent loading
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Considering a desired plastic rotation of �lim = 0030� (0.0052 rad),
which should not be exceeded during the lifetime of an OWT,
a predesign leads to a pile diameter of D = 502 m and a pile
length of L= 4106 m, where a horizontal load of H = 10 MN
with a moment arm of h= 30 m and a cycle number of N = 100
were obtained as an equivalent representative loading event. The
calculation of this system due to monotonic loading leads to a
total pile head rotation of �total4N = 15= 000075 rad, an elastic
rotation of �el4N = 15= 000071 rad, and a cyclic increase factor
of �SDM = 1063. When Eqs. 5 through 8 are applied, the plastic
rotation is �pl4N 5= 000052 rad and does not exceed the allowable
rotation limit.

The dimensionless factor according to Eq. 9 is now calculated to
1.31 E-7. Therefore, the regression function for N = 100 cycles
leads to an optimum slenderness ratio of 4L/D5opt = 6022. By
comparing the current slenderness ratio L/D = 8000 with the
optimum one 4L/D5opt = 6022, it can be seen that the first design
step did not find the optimum slenderness ratio. A more compact
pile design has to be investigated.

The pile diameter and pile length are thus chosen as D = 5058 m
and L = 3304 m. A calculation of the adapted system delivers
the following values: �total4N = 15 = 000064 rad, �el4N = 15 =

000060 rad, and �SDM = 1075. Therefore, the accumulated plastic
rotation is estimated as �pl4N5= 000052 rad. Again, a valid pile
system was obtained. The new optimum slenderness ratio is
4L/D5opt = 5093. In comparison to the current slenderness ratio
L/D = 5099, it can be seen that the second design step almost leads
to the optimum solution.

It should be noted that the pile mass for the second design has
been reduced from 451.75 tons to 417.65 tons (a pile unit weight
of 78 kN/m3 was assumed), although a higher cyclic increase
factor due to a reduced pile length has been applied. Thus, in the
considered case, 7.5% of the steel mass can be saved by applying
the optimization approach.

CONCLUSIONS

In the geotechnical design of a monopile foundation, the ULS
and SLS design proofs have to be followed, where the SLS proof is
usually the design-driving one. It has to be ensured that the plastic
accumulated pile head rotation does not exceed a certain value
that depends on the OWT. The geotechnical design requirements,
i.e., the limited plastic pile head rotation, can be met by different
combinations of the embedded length and the diameter of the pile.
In this paper, an optimized design procedure is derived, which
allows a determination of suitable pile geometries with either
minimum pile mass or a combination of minimum pile mass and
embedded pile length.

The calculation of a cyclic rotation can be carried out by
applying an increase factor to a calculated deformation of a
monotonically loaded pile system. This increase factor is derived
from a regression analysis of the SDM for medium dense sand.
The plastic deformation can be estimated by subtracting the elastic
portion of the total deformation.

A great number of calculations for piles in medium dense
sand under varying loading conditions and with varying load
cycle numbers, pile geometries, and admissible pile head rotations
were carried out in order to identify optimum length-to-diameter
(slenderness) ratios. Based on regression analyses, analytical
equations for the optimum slenderness ratios were derived. The
presented graphs and regression functions can be used to identify
an optimized monopile geometry, which fulfills economic criteria
and geotechnical SLS requirements.

In general, slenderness ratios of 4.2 to 8.1 were found to be
suitable for the design of monopiles embedded in medium dense
sand with respect to the criteria mentioned above.
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