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Effect of scour on the behavior of a combined loaded monopile in sand

Q. Li, L.J. Prendergast, A. Askarinejad & K. Gavin
Faculty of Civil Engineering and Geosciences, Delft University of Technology, Building 23, Stevinweg 1/ PO-
box 5048, 2628 CN Delft / 2600 GA Delft, The Netherlands

ABSTRACT: Pile foundations used for offshore wind structures are subjected to large lateral loading from wind
and waves while in service as well as significant vertical loading from the top structure. Erosion of soil from
around these structures, termed scour, poses a significant problem for the structural stability. In order to better
understand the performance of piles facing scour problems, the effect of local scour on the behavior of mono-
piles installed in sand under combined lateral and vertical loading has been investigated using the Finite Element
Method (FEM) using PLAXIS in this paper. The simulation results showed that vertical loading can decrease
pile lateral displacement and improve the lateral capacity of piles in the absence of scour and under scour. The
increase of scour depth will largely reduce lateral capacity of piles.

1 INTRODUCTION

Offshore wind energy is being generated at a tremen-
dous pace, with the EU capacity predicted to be 150
GW by 2030. In addition to reducing carbon dioxide
emissions by 315 million tons, this growth would sat-
isfy 14 % of the EU electricity demand (Zervos &
Kjaer, 2006). Together with the EU, Governments of
other countries with major economies such as the US,
South Korea and China have earmarked significant
investment, to the tune of $38 billion USD, for off-
shore wind and other renewable sources of energy
(Green & Vasilakos, 2011). Owing to its economy,
simple manufacture and installation procedures,
monopiles account for approximately 75% of off-
shore wind foundations (Gavin et al., 2011). Vertical
loading transferred from the self-weight of the struc-
ture and lateral loading due to wind and wave actions
are imposed on piles. However, in view of the com-
plexity involved in analyzing the piles under com-
bined loading, the current practice tends to ignore the
interaction effects in combined loaded piles. Instead,
these are broadly analyzed independently, i.e. for ver-
tical loading to determine their bearing capacity and
settlement and for the lateral loading to determine
their flexural behavior (Karthigeyan et al. 2006 and
Anagnostopoulos & Georgiadis 1993).

Cylindrical structures such as monopiles are prone
to scour, which induces loss of soil support around the
piles, reducing the lateral capacity and changing the
structural ~ stiffness and  natural  frequency
(Prendergast et al. 2018, Prendergast et al. 2015 and
Sarensen & Ibsen 2013). This can pose problems for

the superstructure through the generation of excessive
fatigue stress as well as operational issues with the
turbine. Therefore, effects of scour must be consid-
ered during the analysis and design of combined
loaded pile foundations unprotected against scour.
The lateral resistance of piles under combined
loading has been numerically studied by a number of
researchers. With an increase in the vertical load,
Karthigeyan et al. (2006), Achmus & Thieken
(2010b) and Taheri et al. (2015) observed an increase
in the lateral capacity while Madhav & Sarma (1982)
and Meera et al. (2007) observed a decrease. Moreo-
ver, Klein & Karavaev (1979) and Karthigeyan et al.
(2007) obtained a result of both increase and decrease
depending on the pile and soil properties. Further-
more, Trochanis et al. (1991) and Abdel-Rahman &
Achmus (2006) found the effect of vertical load on
the lateral capacity of piles to be negligible, which
implies that the combined action can be ignored in
design. The findings of previous studies on the influ-
ence of vertical load on the lateral capacity of a pile
subjected to combined loading is summarized in Ta-
ble 1. Considering the contradictory conclusions dis-
cussed above, there is recognized ambiguity in the re-
sults of previous works describing whether vertical
load combined with lateral load increases or de-
creases the lateral resistance properties of piles.
Offshore monopiles can fail due to severe scour
caused by currents and waves. Because of the for-
mation of the scour hole around the pile, the depth of
embedment of the pile reduces, and consequently
there is a reduction in load carrying capacity of piles
(Kishore et al., 2009). Experiments have determined
that local scour depth (ds) in sandy soils equates to



1.3 times pile diameter (D) with a mean of 0.7 (Sumer
et al., 1992). In other words, the maximum scour
depth is about 2 times the pile diameter (i.e., ds/D =
2). Several investigators numerically studied the
scour depth and scour pattern around piles in cohesive
and cohesionless soils. Lin et al. (2010) modified lat-
eral load—displacement (p—y) curve for a pile in sand
and input into the computer software, LPILE Plus V
5.0. It is indicated that by considering the stress his-
tory effect on the behavior of piles in sand under
scour, ignoring the stress history could result in a con-
servative estimate. Achmus & Thieken (2010a) de-
veloped a 3D FE model using the finite element pro-
gram ABAQUS to study the lateral deformation
response of monopile foundations with scour under
monotonic and one-way cyclic loading. With this
model, a case study on a planned wind turbine in Tai-
wan Strait was analyzed and the economic considera-
tions of different design options were discussed.
Mostafa (2012) investigated the effect of local and
global scour on the behavior of laterally loaded piles
installed in different soil conditions using the soft-
ware program PLAXIS. Various parameters were an-
alyzed such as soil type, scour depth, scour hole di-
mension, pile material, magnitude of lateral load and
load eccentricity. The results showed that scour has a
significant impact on piles installed in sand and a less
significant impact on piles installed in clay, and
global scour has a significant impact on pile lateral
displacement and bending stresses. The effect of
scour is more significant if piles are subjected to large
lateral loads due to the nonlinear response of the pile-
soil system. Effect of scour of stiff clayey soils on
piles is more pronounced than that of soft clayey
soils. Based on the FLAC 3D, Li et al. (2013) cali-
brated the numerical model of a single pile in soft ma-
rine clay against field test data without scour and an-
alyzed several key factors of scour, such as the depth,
width and slope of the scour hole and the diameter
and head fixity of the pile. The relationships of the
ultimate lateral capacity of a single pile with depth,
width and slope angle of the scour hole were ob-
tained. The numerical results show that the scour
depth had more significant influence on the pile lat-
eral capacity than the scour width. In addition, the pile
with a free head was more sensitive to scour than the
pile with a fixed head condition.

From the literature, it is evident that not much
work has been carried out on the combination of scour
with combined loading on piles. Hence, in this inves-
tigation, numerical studies were carried out to explore
the effect of scour on the lateral capacity of a mono-
pile under combined loading conditions. Different pa-
rameters were considered such as vertical load mag-
nitude and scour depth. In all cases considered, the
pile was embedded in homogeneous sand with a unit
weight of y = 20 kN/m?,

Table 1 Summary of the effect of vertical load on the
lateral response of piles using FEM

Effect of vertical load
Literature on the lateral response Soil type
of pile
Klein & Karavaev | Increased capacity Dense soil
(1979) Decreased capacity Weak soil
Madhav & Sarma Decreased capacity and | Clay
(1982) bending moment
Trochanis et al. Unaffected Multilayer
(1991) soil
Abdel-Rahman & Unaffected Sand
Achmus (2006)
Karthigeyan et al. Increased capacity Sand
(2006, 2007)
Meera et al. (2007) | Decreased capacity and | Loose
bending moment sand
Achmus & Thieken | Both increased and de- | Sandy soil
(20104, b) creased capacity
Taheri et al. (2015) | Increased capacity Silty sand

40D

L =Pile length

D = Pile diameter
Figure 1. Typical mesh for three-dimensional finite element
analyses

2 MODEL FEATURES

The finite element method is used to simulate the be-
havior of a vertical pile under combined vertical and
lateral loading under the effect of scour. The compu-
tations were carried out using the finite element pro-
gram system PLAXIS (Brinkgreve et al., 2015). A
three dimensional model of the pile-soil system was
generated in Figure 1.

Figure 2 shows schematic of local scour and the
simplification in the modelling. D denotes the pile di-
ameter, W; denotes the top width of scour hole, ds de-
notes scour depth. Scour hole depths equivalent to 0.5
and 1.5 times the pile diameter were considered (i.e.,
ds/D = 0.5, 1.5).

Local scour represents the case of scour hole oc-
curring in the direct vicinity of a pile which results in
a localised reduction in effective stress. Normally the
local scour hole is conical in shape with a trapezoidal
cross section. For simplify, the scour hole was mod-
elled as a foundation pit with circular shape cross sec-
tion, assuming the scour hole base extends around the
pile at a distance of D, see the schematic in Figure 2.
This was necessary as the implementation of a conical



shaped hole to represent the scour hole resulted in nu-
merical instabilities related to the slope. According to
Askarinejad et al. (2017) the effective zone of influ-
ence around a lateral loaded pile is within one pile di-
ameter, thus it was considered that outside the 1D re-
gion from the pile outer surface the small change of
the scour shape will have negligible influence on the
pile load behaviour. Li et al. (2013) indicated that
when the scour hole bottom width is larger than 1D,
the influence of the slope angle on the pile lateral dis-
placement is negligible. The scour hole side slope an-
gle was assumed to be 45° in the physical situation,
therefore the modelling of the scour slope was simpli-
fied by adding an additional length of scour hole base
of 0.5ds in the analysis and maintaining the side slope
angle at 90°. At a scour depth of more than 1D, the
impact of scour hole shape on the effective soil pres-
sure diminishes (Zaaijer and Van der Tempel, 2004).
To account for scour around the pile, before the ap-
plication of a horizontal load, soil elements located
inside the scour hole to be modelled were removed.

The sand properties considered in these analyses
are reported in Table 2. For the steel pipe pile, the di-
ameter is 1.8 m, the length is 9 m, the wall thickness
is 25 mm, the elastic modulus (E) is 210 GPa and the
unit weight (y) is 78.5 kN/m®. The pile was modelled
as a non-yielding elastic continuum medium and the
soil was modelled as a linearly elastic-perfectly plas-
tic material with the Mohr-Coulomb failure criteria.

The response of the piles under pure lateral load
was analysed in the first instance. With regard to stud-
ying the response of piles under combined loads, the
influence of vertical loads of 0.4V and 0.8Vyi were
considered. In this context. Vi is determined as the
vertical load which causes a vertical displacement
equating to 0.1D, obtained through analysis of a sin-
gle pile subjected to a pure vertical load. The analysis
in the lateral direction was performed using load con-
trol and the lateral displacement developed at various
lateral load magnitudes could be evaluated.

The FE calculations were executed in several
phases. Firstly, the initial stress state in the system
due to the self-weight of the soil was generated using
soil elements only. Subsequently, the pile was gener-
ated and ‘wished in place’, i.e. the installation of the
pile was not modelled. The soil elements in the scour
hole were then removed. The various load stages were
specified in the model, more details are provided in
the following section.

Simplification in modeling Physical schematic situation

Figure 2. Local scour hole and simplification in the modelling

Table 2. Sand characteristics used in the analysis

Material Sand

Initial Elastic Modules/E [MPa] | 20

Vsat [kN/m3] 20

Poisson Ratio/v 0.25

Friction angle/¢’ 37.5°

Dilation Angle/y 75°

Einc [MPa/m] 0.5

Cohesion/c [kPa] 0

Soil Model Mohr-Coulomb
(Drained)

3 ANALYSIS AND RESULTS

In the simulation of influence of combined vertical
and lateral load, the vertical load is applied prior to
lateral load.

3.1 Pile lateral load-displacement curve

The ultimate vertical load (Vur) capacity of a single
pile was evaluated a priori in a separate numerical
analysis, whereby loading was incrementally applied
to the pile until a vertical displacement of 0.1D = 180
mm was mobilized. Vut was found to be 4.4 MN.
Once a datum ultimate capacity was obtained, the re-
sponse of piles under combined loading were subse-
quently analysed separately with the vertical load ap-
plied in separate cases as follows: v = 0, v = 0.4Vui
and v = 0.8Vur.

Figure 3 shows the pile lateral load-displacement
curve under no scour (presented in dotted line), local
scour of 0.5D (presented in full solid line) and local
scour of 1.5D (presented in dashed line). The pile un-
der a vertical load of 0.4V is marked with squares
and the pile under a vertical load of 0.8V is marked
with circles. From Figure 3 it can be seen that under
the same lateral load pile under higher vertical load
has less lateral displacement, for both scour and no
scour conditions. For the pile under same vertical load
and lateral load, the pile with larger scour depth will
have larger lateral displacement. With the increase of
lateral load, the lateral displacement of pile under ds



=0,v=0andds=0.5D, v=0.8Vy are really close
to each other, which means, in some case the delete-
rious effect of scour can be compensated by the rein-
forcing effect of vertical load.

1.8

lateral load (MN)

0
0.00 0.03 0.06 0.09 0.12 0.15 0.18

lateral displacement (m)
--A--dg=0,v=0--0--ds=0,v= 04V, --0--ds=0,v=08V
—m—ds=05D,v=04V, —8—ds=05D,v=08V,
-0-ds=1.50,v=04V, -0 -ds =1.5D,v=08V,

Figure 3. Pile lateral load-displacement curve
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Figure 4. Relationship of pile ultimate lateral load capacity with
vertical load level

3.2 Influence of vertical load on pile lateral
capacity

Figure 4 presents how the ultimate lateral load capac-
ity varies with vertical loading under no scour and lo-
cal scour. The ultimate lateral load capacity (Lut) is
defined as the load corresponding to a lateral dis-
placement equating to 10 % of the pile diameter (0.1D
= 180 mm). The results indicate that the larger the
vertical load is, the higher the ultimate lateral load ca-
pacity of the pile. For example, under no scour condi-
tion, with vertical load equating to 40% and 80% of
the ultimate vertical load (Vur), the pile lateral ulti-
mate capacity (Lui) increased 23% and 33% respec-
tively as compared to the case with no vertical load.

A similar trend of vertical load increasing the pile lat-
eral capacity under different scour depth conditions
of local scour can also be observed from Figure 4 and
the details of improvement is presented in Table 3.

Table 3 shows the improvement in pile ultimate
lateral load capacity under increasing vertical load,
considering no scour and local scour at various scour
depths. From the data presented, it is noteworthy that
the lateral load capacity increases considerably with
increasing vertical load. The vertical load has a higher
influence on pile lateral ultimate capacity for deeper
scour compared with shallow scour depths.

Table 3. Improvement in pile ultimate lateral load ca-
pacity (Lur) with increasing applied vertical load

Scour type and depth
Vertical load Local scour
No scour 0.5D 15D
0.4 Vit 0.23 0.25 0.39
0.8 Vit 0.33 0.38 0.48

3.3 Influence of scour depth on pile lateral capacity

Figure 5 shows the ultimate lateral load capacity of a
single pile under local scour varying with the normal-
ized scour depth. Ultimate lateral load capacity was
found to be 1.76 MN when scour was neglected. The
ultimate lateral pile capacity under local scour depth
equating to D and 2D were found to be 0.95 MN and
0.42 MN respectively, which are approximately 54%
and 24% of the ultimate capacity when there is no
scour. This indicates that, when the scour depth
reaches 2D, the pile ultimate lateral load capacity is
reduced by approximately 75%. It is also shown that
the ultimate lateral load capacity of the single pile de-
crease significantly and almost linearly with the scour
depth in current research.

2.0

-
(4]

-
o

o
3]

ultimate lateral load capacity (MN)

0 0.5D 1D 1.5D 2D

o
o

scour depth

Figure 5. Pile ultimate lateral load capacity with normalized
scour depth. (Vertical load = 0.8V )



4 CONCLUSIONS

The effect of scour on the response of combined
loaded monopiles in marine sand is an important sub-
ject for the safety of offshore structures. A three di-
mensional numerical analysis was conducted to in-
vestigate this effect. The following conclusions can
be drawn from the numerical results:

If the vertical load is applied prior to lateral load,
the presence of vertical load will decrease pile lateral
displacement and increase the pile lateral capacity.
For example, under no scour condition, under vertical
load equating to 0.4V and 0.8Vui respectively, the
pile lateral ultimate capacity increases by 23% and
33% compared with no vertical load when there is
zero scour. At the scour depth of 1.5D, the pile lateral
ultimate capacity increases 39% and 48% corre-
sponding to vertical load of 0.4V and 0.8Vui: respec-
tively. The vertical load shows a higher effectiveness
in improving the pile lateral ultimate capacity under
deep scour depth compared with shallow scour depth.

The pile ultimate lateral load capacity decrease al-
most linearly with the increase of the scour depth. The
percentage reduction in the pile lateral load capacity
is approximately 50% when the scour depth reaches
1D and 76% when the scour depth reaches 2D.
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