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Numerical study of local scour effects on the lateral pile-soil interaction

Wen-Gang QI & Fu-Ping GAO
Institute of Mechanics, Chinese Academy of Sciences, Beijing, China

ABSTRACT: Local scour usually occurs around offshore pile foundations, which may bring the reduction of
both the effective stresses in the surrounding soil and the effective pile embedment. Until now, the effects of
local scour on the lateral pile-soil interaction have not been well understood. In this study, a 3-D finite ele-
ment model for the lateral pile-soil interaction is proposed and verified with experimental results. An im-
proved analysis approach is further presented for evaluating the local scour effects on the lateral pile-soil in-
teraction by extracting p-y curves from the numerical results. The results indicate that scour could induce a
significant transition of pile behavior for a monopile typically employed for offshore wind turbines. If the pile
exhibits rigid structural behaviors after scour, the pile’s tip and shaft resistance may become a significant
component of the whole soil resistance, which would render the traditional p-y approach inapplicable. For a
given depth below the scour base, the p-y curves get significantly stiffer with increasing scour depth, especial-
ly at relatively shallow depths. The scour effects on the variation of p-y curves from the present numerical re-
sults are generally consistent with the existing centrifuge results. As the slope angle of scour holes decreases,
the effect of the remaining sloping overburden soil above the level of the scour base reduces and the stiffening

of the p-y curves at a given depth below the scour base is correspondingly alleviated.

1 INTRODUCTION

Offshore piles are traditionally applied for support-
ing offshore platforms in relatively shallow water.
Recently the large-diameter monopile is often used
as the foundation of offshore wind turbines. Due to a
significant wind turbine hub height (approximately
100 meters for a 3 MW turbine), huge lateral force in
the order of 5 MN and bending moment in the order
of 1X 10® N.m would be imposed on the foundation.
These huge loads pose significant challenge in the
design and construction of the foundation.

The lateral pile response is commonly estimated
by a load transfer approach, with ‘p-y’ curves quanti-
fying the nonlinear interaction between the pile and
the surrounding soil. The p-y curves idealise the soil
as a series of independent springs distributed along
the pile length, with each spring describing the non-
linear relationship between the lateral soil resistance
(p) and the lateral deflection of the pile (y). Details
on the p-y methodology for analysis of laterally
loaded piles can be found in Reese et al. (1974) and
Reese and Van Impe (2001).

Local scour would occur around the pile founda-
tions due to the action of waves and current, reduc-
ing the pile embedment depth and increasing the
load eccentricity (vertical distance between the load-
ing position and the mudline), and further inducing
much larger deformations of the pile and changing

the profiles of the lateral soil resistance. Local scour
effects for laterally loaded piles have not been well
reflected in existing p-y method (APL 2011). In an
analytical study (Lin et al., 2010), general scour ef-
fects were incorporated by updating the parameters
at a given depth to account for the over-
consolidation induced by removal of a scour depth
of sand. Lin et al. (2014) further modified the lateral
resistance due to changes in the shallow wedge-type
failure mechanism to consider the effects of the local
scour. Results indicated that the local scour hole
would result in much higher lateral soil resistance
for a given depth than for the general scour case, i.e.
complete removal of the soil surface layer. Recently,
a series of centrifuge tests were conducted by Qi et
al. (2015) to investigate the scour effects on p-y
curves. A practical approach to incorporate effects of
scour on the p-y curves was proposed by adopting an
effective soil depth in the determination of p-y
curves.

In this study, a 3-D finite element model for lat-
eral pile-soil interaction is proposed. Based on the p-
y curves extracted from the numerical results, the
scour effects on the applicability of the p-y approach
are discussed. Moreover, the local scour effects on
the p-y curves are investigated and compared with
the existing centrifuge test results.



2 NUMERICAL MODEL FOR LATERAL PILE-
SOIL INTERACTION

2.1 Finite element mesh and boundary conditions

The interaction between a laterally loaded monopile
and the surrounding soil can be considered as a
plane-symmetric problem. A 3-D plane-symmetric
finite element model is proposed for simulating the
pile-soil interaction using the finite element code
ABAQUS. Fig. 1 illustrates the typical finite element
mesh of the model, which is mainly consisting of the
foundation and the surrounding soil. Both the foun-
dation and soil are composed with 3-D 8-node re-
duced-integration solid elements (C3D8R). The
computational grids get denser in the closer proximi-
ty to the pile for high computation efficiency. The
grid size of the present model has been proved fine
enough for ensuring the accuracy of the results, by
comparing results between models with different
grid sizes. The interfacial behavior is a key issue to
efficiently simulate the complex pile-soil interaction.
A contact-pair algorithm was adopted to characterize
the interfacial constitutive relationships between pile
exterior surface and surrounding soil, pile interior
surface and soil-plug, respectively.

As illustrated in Fig. 1, the top-side of the soil is
treated as a free boundary. The front-side of the
model is a plane-symmetric boundary, i.e. both the
rotational degrees of freedom in x and z directions
and translational degree of freedom in y direction are
constrained to zero. At the outside of the soil, the
translational degree of freedom in x and y directions
are constrained. At the bottom of the model, the
translational degrees of freedom in both x, y and z di-
rections are fixed. In order to avoid the outer bound-
aries from affecting the results, the width and height
of the simulated soil mass is adjusted to each pile di-
ameter. It is observed that the zone of failure does
not reach the outer boundaries.
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Figure 1. Typical finite element mesh for pile-soil interaction
analyses.

2.2 Constitutive models and properties of materials

The Mohr-Coulomb plasticity constitutive model
(M-C model) is used to simulate the elasto-plastic
behavior of the soil for the present drained condi-
tions. The yield function of the M-C model is written
as (see Knappett & Craig (2012))

J—(@+p'jg(6’)=0 (1)

in which, J is the deviatoric stress invariant; c is the
cohesion strength; p’ is the mean effective stress;
sin ¢

0) = ()
g( ) cosé’+sin05in¢/\/§
where 6 is the Lode's angle and ¢ is the internal

friction angle of the soil.

In the simulations, the parameters of soil are cho-
sen as follows: Poisson’s ratio +=0.3, the cohesion
strength ¢=0.5 kPa, the buoyant unit weight of the
soil »'=10.26 kN/m’. The value of the elastic mod-
ulus of the soil £ varies from 10 MPa to 50 MPa
while the angle of internal friction ¢ correspond-
ingly changes from 30° to 40°.

The monopile is made of a steel with Young’s
modulus of E,=210 GPa and Poisson’s ratio of
=0.3. Various values of pile diameter D (in the
range of 2-5 m), wall thickness 7 (in the range of
0.05-0.15 m), embedded pile length L (in the range
0f 22.5-31.25 m) are adopted in the series of numeri-
cal simulations. The pile-soil interface frictional co-
efficient () is calculated with the following formu-
la proposed by Randolph & Wroth (1981)

U= tan[sin¢><cos¢/(l+sin2 (15)} (3)

2.3 Verification with experimental results
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Figure 2. Comparison of horizontal load—displacement curves

between FE analyses and experimental tests. (D=44.5 mm,
L=400 mm, y=16.4 kN/m’, c=0.5 kPa, ¢=35.2°)

To verify the proposed finite element model, com-
parisons are made between the present numerical re-
sult and the experimental result of laterally loaded



pile tests by Peng (2006), as shown in Fig. 2. The
numerical result is in good agreement with the ex-
perimental data, which indicates that the present fi-
nite element model is capable of simulating the lat-
eral interaction between monopile and surrounding
soil.

3 NUMERICAL RESULTS

3.1 Derivation and parameterization of p-y curves

Numerous 3-D finite element simulations were con-
ducted to provide the data for deriving p-y curves
with various pile parameters and soil conditions.
Based on the bending moment (M) distribution pro-
files along the soil depth (z) extracted from the nu-
merical results, the lateral soil resistance p can be
obtained by differentiation according to
d*M

=— 4)
To limit the inaccuracy in determining p by differen-
tiating M twice, the piecewise polynomial curve fit-
ting method was adopted (Yang and Liang, 2006).
The pile displacement y is directly extracted from
the numerical results. Then the p-y curves are ob-
tained by combining the soil resistance and dis-
placement curves at discrete intervals to produce
curves for each depth

Fig. 3 shows a typical series of p-y curves derived
from the FE results (curves with solid symbols). The
stiffness of the p-y curves gradually increases with
soil depth. Due to a relatively rigid behavior of the
simulated pile, the pile displacement at the middle
segment is rather limited and thus the corresponding
p-y curves are not presented in Fig. 3.

The raw p-y data from the numerical results (e.g.
data in Fig. 3) could be used to calibrate appropriate
mathematical functions to represent the p-y curves.
This method is referred to in this paper as the ‘pa-
rameterized approach’, after Byrne et al. (2015). An
important feature of the parameterized approach is
that all 3-D numerical results for a particular case are
represented by a single set of parameters (Byrne et
al., 2015). Suryasentana & Lehane (2014) once pro-
posed an exponential relationship to characterize the
p-y curves. Following a similar procedure and re-
placing the CPT end resistance g, with Ej, the lateral
resistance is expressed based on a large number of
data points for different soil conditions, as

P/ (7'2D) = 0.04(E, | (7/2)"*(z | D)
x[1—-exp(=9.3(z/ D) **(y/ D)

0.79

)]

The p-y curves predicted using the parameterized
approach are compared with the original p-y curves
in Fig. 3, generally showing a good consistence in
spite of some observable discrepancies (smaller than
20%). Fig. 4 compares all the raw p-y data from nu-
merical results and those calculated using the param-

eterized approach (Eq. (5)). The comparison shows
that the parameterized approach exhibits a good fit
to the numerical results.

Note that Eq. (5) is derived for the cases with rela-
tively small pile displacement and careful validation
should be conducted while applied to other condi-
tions.
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Figure 3. Typical p-y curves derived from FE results (D=5 m,
L=30 m, #,=0.06 m, £,=30 MPa, ¢=35°)
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Figure 4. Comparison between FE results and predictions using
Eq. (5).

3.2 Back-analysis using the parameterized p-y
curves

Using the parameterized approach represented by
Eq. (5), the lateral response of the monopile can be
predicted. The load-displacement curves under a lat-
eral force with a load eccentricity of e=10 m is cal-
culated by implementing Eq. (5) in the program
Oasys ALP (2013). The comparisons of the results
between the 3-D numerical simulation and the p-y
approach (parameterized approach) are displayed in
Fig. 5. The predictions of the parameterized ap-
proach provide a good match to the 3-D numerical
results.
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Figure 5. Comparison of load-displacement curves between 3-
D numerical simulation and parameterized p-y approach: (a)
E=50 MPa, ¢=40° (b) E=30 MPa, ¢=35°. (D=5 m, L=30
m, £,—=0.06 m).

4 DISCUSSIONS

4.1 Lateral failure mechanism of monopile

While evaluating the response of a laterally loaded
pile, piles are usually categorized into long/flexible
piles and short/rigid piles depending on the failure
mechanisms. According to Poulos & Hull (1989),
piles having a length of L./3<L<L. are proposed as
the transition range from flexible to rigid pile, in
which L. represents the critical pile length beyond
which any further increase in length doesn’t affect
the pile head response. For uniform soil, the value of
L. can be calculated by

L =4443E I [E, (6)

Thus the range of transition from flexible to rigid
pile behavior may be evaluated by

48<EL'/E,I, <3886 (7)

in which 7, denotes the second moment of area of a
pile and E,/, represents the bending stiffness of the

pile. In this paper, we use x to denote the non-
dimensional parameter ESL4/EpIp for simplicity, i.e.

_ 4
k=EL'/E]I, (8)

Fig. 6 illustrates the lateral failure mechanisms
for flexible piles and rigid piles, respectively (see
Gao et al., 2015). For flexible piles, pile deflections
and bending moments induced by the lateral loading
are confined to the upper part of the pile and the pile
embedment depth has insignificant effect on the pile
response, while short piles rotate as a whole and de-
velop a ‘toe-kick’ phenomenon under the lateral and
moment loading. The displacement contour of
monopile and soil under lateral loads from the nu-
merical simulations are compared for two typical
values of xk=324.7 and x=8.3 in Fig. 7. Two different
lateral failure mechanism (i.e. rigid and flexible) are
clearly identified.
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Figure 6. Lateral failure mechanism for (a) long/flexible piles;
and (b) short/rigid piles.
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Figure 7. Displacement contour of monopile and soil under lat-
eral loads: (a) flexible piles (£,=30 MPa, D=2.75 m, L=31.25
m, E,1,=88.1 GN.m%, k=324.7); and (b) rigid piles (E=30 MPa,
D=5.0 m, L=30 m, E,[,;=2940 GN.m’, « =8.3). (Deformation
not in scale; cut on x-z plane; unit: m)

Compared with flexible piles, significant base
shear and axial resistance are mobilized at the tip of
a rigid pile. Meanwhile, vertical side resistance
emerges around the rigid pile shaft due to the rela-
tively large horizontal displacement of the pile tip
and rotation of the pile. Numerical investigations by
Bekken (2009) and Byrne et al. (2015) have showed
that the contributions due to the horizontal pile tip
displacement and rotation of the pile had significant
effects on the lateral response of a rigid pile. The
critical conditions for taking account of the re-
sistance from pile tip and shaft is a major concern
for a laterally loaded pile in the transition zone de-
termined by Eq. (7), which will be discussed in the
next section.

4.2 Applicability of p-y approach: scour-induced
transition of monopile behavior

For the monopile with 5.0 m diameter, a series of
numerical simulations were conducted with various
embedment depth (L=22.5-30 m), bending stiffness
(Epl,=360-2940 GN.m?), and soil properties (Es=10-
50 MPa and ¢=30-40°). The lateral pile displace-
ment at the loading position obtained from the nu-
merical results is denoted with y,. Adopting the
same conditions to the numerical simulations, the

lateral pile displacement at the loading position was
correspondingly calculated using the parameterized
approach (see Eq. (5)), denoted with y,,.

Fig. 8 shows the variation of y,/y, with . It is
seen that for an approximate range of x>50, the val-
ue of y,/y, 1s generally equal to 1, while the value of
Vp/yn obviously deviates from the value of y,/y,=1 for
x<50. A data point from a recent study of Byrne et
al. (2015) is also included in Fig. 8 (solid circle).
The present results and Byrne et al.’s results are gen-
erally consistent. The deviation of y,/y, implies that
the tip and shaft resistance induced by the rigid pile
behavior (see Figs. 6 and 7) becomes a significant
part of the whole soil resistance if x<~50. The tradi-
tional p-y approach only takes account of the lateral
soil resistance and thus is not appropriate for predict-
ing lateral response of a rigid pile (x<~50).

As scour depth S is predicted to scale with the pile
diameter and the slenderness ratio (D/L) of the typi-
cal offshore monopile is large (Q1 & Gao, 2014), the
scour depth could be up to 25% of the pile embed-
ment depth, i.e. S/L=~0.25. The scour-induced re-
duction of the pile embedment depth would result in
decrease of x (see Eq. (8)). Here we adopt L and «;
to denote the pile embedment depth and x after

scour, respectively. x; can be calculated by
4
Kk, =EL"/E]I,
4
=(E.L'/E,1,)(L, /L) )
=x(1-8/L)’

Fig. 9 shows the variation of & with S/L for vari-
ous initial values of x. It is indicated that a scour
depth of S/L=0.15 could approximately reduce x by
half and further induce a transition of monopile be-
havior if the initial value of x is approximate to the
critical value of x=~50 (see Fig. 8). If the pile exhib-
its a very rigid behavior after scour (e.g. x,<30), the
traditional p-y approach would become inapplicable
due to the scour-induced transition of monopile be-

havior (see Fig. 8).
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4.3 Local scour effect: comparison with centrifuge
tests

Local scour reduces the pile embedment depth and
increases the load eccentricity (relative to the base of
the scour hole). Moreover, the remaining sloping
overburden soil around the pile has significant effect
on the pile-soil interaction.

Three numerical simulations were conducted to
reveal the local scour effect on the lateral pile re-
sponse, with various local scour depths adopted (i.e.
S/D=0, 0.91, 1.82), respectively. The slope angle of
scour holes keeps constant at 30° in these simula-
tions. The derived p-y curves at various soil depths
below the scour base (i.e. z’/D=0.53, 1.37, 2.28) for
different local scour depths are compared in Fig. 10.
The p-y curves at a given depth below the scour base
become significantly stiffer with increasing depth of
local scour, especially at relatively shallow depths
(e.g. z'/D=0.53). This increasing stiffness of the p-y
curves would be attributed to the enhanced mobiliza-
tion of soil at relatively shallow depth due to the
sloping overburden soil, as shown in Fig. 11.

According to the results of a series of centrifuge
tests, a practical approach to incorporate effects of
local scour on the p-y curves was proposed by adopt-
ing an effective soil depth (z.) in the determination
of p-y curves (Qi et al., 2015). The effective soil

depth was expressed by

z, <z z'\ S

—< =—+tanh| f— |—, f = 1.5 for local scour

- D (f DJ 5 S (10)

where the effective soil depth z. is a weighted-
average of the soil depth relative to the original mud-
line z and the soil depth below the current scour base
z' (=z-S), f'is an empirical parameter indicating the
transition rate for the effective soil depth from
z=z=0 at the current mudline to z.=z as the soil
depth increases. The recommended value of f=1.5
for local-scour conditions was based on the tests
with 30° slope angle of the scour hole.
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Figure 10. Local scour effect on the p-y curves at various given

depths below the scour base (E=50 MPa, D=2.75 m, initial
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Figure 11. Displacemént contour of monopile and soil under
lateral loads for various local scour depths.

By adopting Eq. (10), values of the effective soil
depth z./D for the p-y curves in Fig. 10 are calculat-
ed, as shown in Fig. 10. The p-y curves get progres-
sively stiffer with ascending values of z./D, confirm-
ing that the present numerical results are generally
consistent with the centrifuge results from Qi et al.
(2015).

4.4 Dependence of local scour effect on slope angle
of scour holes

The recommended value of f/~=1.5 for local scour
conditions in Eq. (10) was based on the cases with
30° slope angle of scour holes. The slope angle may
influence the calculation of z, in particular, the val-
ue of fin Eq. (10). For the present typical results
with 30° slope angle, the values of /=1.5 implies a
transition depth of z'/D~1.5, i.e. z/D is approxi-
mately equal to z/D for z'/D>~1.5. As the slope angle
of scour holes decreases, for a given scour depth, the
effect of the sloping overburden soil above the level
of the scour base reduces and the transition depth
becomes larger, which means the value of f should
be reduced accordingly. For the cases with arbitrary
slope angles (generally in the range of 0-40°), further
numerical simulations are needed to relate the value
of f'to slope angle.



5 CONCLUSIONS

Scour around a pile may lead to a significant reduc-
tion in the lateral stiffness and capacity of the pile,
and hence the safety of the super-structure. A 3-D fi-
nite element model for the lateral pile-soil is pro-
posed and verified. An improved analysis approach
is presented for evaluating the local scour effects on
pile-soil interaction by extracting p-y curves from
the numerical results. The following conclusions can
be drawn:

(1) Scour could induce a significant transition of pile
behavior for a monopile typically employed for
offshore wind turbines. If the pile exhibits a very
rigid behavior after scour, the tip and shaft re-
sistance induced by the rigid pile behavior be-
comes a significant part of the whole soil re-
sistance and the traditional p-y approach would
become inapplicable.

(2) For a given depth below the scour base, the p-y
curves become significantly stiffer with increas-
ing depth of local scour, especially at relatively
shallow depths. The scour effect on the variation
of p-y curves from the present numerical results
are generally consistent with the existing centri-
fuge results.

(3) As the slope angle of scour holes decreases, the
effect of the remaining sloping overburden soil
above the level of the scour base reduces and the
stiffening of the p-y curves at a given depth be-
low the scour base is correspondingly alleviated.
Further numerical simulations are needed to to-
tally reveal the effect of slope angle of scour
holes.
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