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ABSTRACT: Offshore Wind Turbines (OWTs) are a critical part of Europe’s energy infrastructure, and their number and
significance are projected to increase rapidly. The monopile is the most common foundation for OWTs. Monopile diameters
are currently of the order of 10 m, with future generations projected to increase further. The cyclic response of sands around
monopiles has often been thought of as drained. However, as the monopile diameter increases, so does the relevant drainage
path, reducing the capacity of the soil to fully drain within a load cycle. Using centrifuge tests performed at ETH Zurich as
part of the GEOLAB project, this paper investigates the response of a large monopile in sand, with a focus on the drainage
conditions within the surrounding soil. The monopile is subjected to both displacement-controlled harmonic loading and
load-controlled storm loading packages. The results reveal that the drained assumption is not appropriate within a load cycle
for any of the cases examined. Instead, partial drainage conditions take hold, which affect the effective stresses and thus the
system-level response. Large oscillations in pore water pressure around the hydrostatic value occur within a load cycle, with
pressure increase in front of the laterally loaded pile and pressure reduction behind it. The average pore-water pressure in a
cycle depends on loading history. Loads larger than previously experienced lead to gradual increase in average pore-water
pressure and to system stiffness reduction. Overall, the results indicate that drainage effects cannot be neglected in the design
of future OWTs founded on large-diameter monopiles, especially when the maximum historical load is exceeded.
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T is the loading period, and y,, is the unit weight of wa-
1 INTRODUCTION ter. Based on this factor, as the monopile diameter in-
creases, the capacity of the surrounding soil to drain is
expected to decrease significantly, rendering the
drained hypothesis unreliable. A number of recent ex-
perimental (Zhu et al., 2021; Takahashi et al., 2022)
and numerical (Jostad et al., 2019; Kementzetzidis et
al., 2019; Jostad et al., 2022; Chaloulos et al., 2024)
investigations support this conclusion, showcasing a
deviation from a fully drained response, which can be
beneficial in terms of monotonic pushover capacity but
detrimental if pore pressure accumulation occurs, for
instance when a high fines content reduces permeabil-
ity. Further research is needed to verify the validity of
the drainage factor and to quantify the effects of partial
drainage.

This paper presents first results from a series of
centrifuge model tests carried out on the geotechnical
beam centrifuge of the ETH Zurich Geotechnical Cen-
trifuge Centre (GCC), as part of the GEOLAB project.
The results show the partially drained response around
a large-diameter monopile and the influence of the

Monopiles are currently the most common offshore
wind turbine (OWT) foundation. They are projected to
remain dominant within the next decade, when a sig-
nificant number of OWTs need to be installed to meet
the targets for offshore wind capacity.

New generation, large OWTs require monopiles of
increased diameter (D) and lower embedment depth
(L) to diameter ratio (/D). Research to date has re-
vealed useful insights on the response of such systems.
Notably, the PISA project employed site testing and
numerical modelling to develop a simplified frame-
work that predicts the monotonic response of large
monopiles in sand (Burd et al., 2020). However, these
investigations assume a fully drained response of the
sand.

Klinkvort et al., (2018) postulate that drainage
around a monopile is controlled by the dimensionless
factor MkT/yWDZ, where M is the constrained soil stiff-
ness at a characteristic depth, & is the soil permeability,


https://geotechnics.ethz.ch/geotechnical-centrifuge-center.html
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loading history on excess pore-water pressure and
monopile displacement accumulation.

2  METHOD

The piles were wished-in-place into a sand layer in cy-
lindrical boxes of 0.75mx0.75m (diameterxheight). A
50g acceleration was targeted at 1/3™ of the monopile
embedment depth.

2.1 Model Preparation

HST-95 Congleton sand (Table 1) was used for the
tests. The models were pluviated with an automated
sand raining system. The pluviation height and
opening width were calibrated using density boxes
(Rosquoet et al., 2007) to a target void ratio of 0.58 (D,
= 80%). Before pluviation, a permeable gravel base
layer was laid and the pile was fixed in place. Wished-
in-place piles allowed the use of pile-mounted sensors
and reduced post-installation local density uncertainty.
Pluviation was performed over a 2mm sieve to reduce
shadowing effects around the pile. Nevertheless, the
density field did not represent a realistic installation,
with shadowing effects found to decrease D, around
the monopile by up to 10%.

Table 1 Properties of HST-95 Congleton Sand.

Parameter Congleton
Specific gravity, Gs 2.63
Minimum void ratio, €min 0.52
Maximum void ratio, €max 0.78
Target void ratio, e 0.58
Average grain size, dso (mm) 0.15
Coefficient of uniformity, deo/dio 2.15

To account for the different scaling of dynamic and
seepage time, the cyclic test model was saturated with
a methyl-cellulose solution (Adamidis, 2015) of 50cSt
viscosity at 24°C. The drained monotonic loading test
was saturated with water. The degree of saturation was
measured using the method of Okamura & Inoue
(2012), and found to be >0.99 for both tests.

2.2 Monopile

The selected monopile diameter (D) balanced the
large-diameter requirement and boundary effects. Nu-
merical analyses of boundary effects revealed a mini-
mum acceptable horizontal distance of 3.25D from the
front of the monopile to the strongbox, and 1D verti-
cally from the base of the monopile to base of the
strongbox. The model monopile was 82.5mm diame-

ter, which complied with the above limits. It was em-
bedded to a depth of 3D and loaded at eccentricity e =
4D above the mudline.

Tested at 50g centrifugal acceleration, the model
corresponds to a prototype monopile of D = 4.125m,
which is below the range of interest of this campaign
(D > 10m). To capture the drainage behaviour for a
larger pile, the loading period (7) of the prototype was
adjusted to produce the same dimensionless drainage
factor MkT/y,D* with a reference monopile of diame-
ter D, For drainage factor calculations, the con-
strained stiffness M at depth 1D was taken as a square
root function of the mean effective stress, thus of D.
The prototype loading period (7,) was calculated on
the basis of an equivalent reference period (7.p):

Dy

3/2
Ty = Trey (D—f> ey

This scaling also applies to multi-frequency excitation.
Example 7, values for a T,y = 6.9s and D = 10m or D
= 12m reference monopiles are given in Table 2.

Klinkvort et al. (2018) also proposed the flexural
response factor E,I,/E,D?, where E,I, is the flexural ri-
gidity of the pile and E;is the Young's modulus of the
soil. Reference D = 10m and D = 12m, steel (£ = 210
GPa) monopiles were selected, with the prototype and
model monopiles designed to match their flexural re-
sponse factor. Aluminium (£ = 69 GPa) was used for
the model monopile, to increase the thickness and im-
prove workability. The model monopile was sand-
blasted to achieve a rough interface, and instrumented
with accelerometers, pore pressure transducers
(PPTs), strain gauges, and laser displacement sensors
(Figure 1). The loading was applied with a hydraulic
dynamic actuator, via a sliding-hinge system that al-
lowed rotational and vertical movement. The applied
force was recorded through a load cell.

Table 2 Pile parameters

Model Prototype Reference
Acc. (g) 50 1 1 1
D (m) 0.0825 4.125 10 12
L (m) 0.2475 12.375 30 36
Ecc. (m) 0.330 16.6 40 48
t (m) 0.00158 0.080 0.098  0.129
E (GPa) 69 69 210 210
EL, (Nm?)  2.27-10* 1.46-10"" 7.85-10'% 1.78-10'3
Trer=10m (s) 0.037 1.83 6.90 -
Tref=12m (8) 0.028 1.39 - 6.90

2.3 Testing programme

The load events are summarized in Table 3. Event M1
was a drained monotonic pushover. Events C1, C2, S1,
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S2Extreme (S2E), S3 and M2 were completed in se-
quence (Figure 3), on a separate model. Using Eq. 1,
the prototype loading periods were selected to match

the dimensionless drainage factor of the selected ref-
erence pile as shown in Table 3. Instrumentation on the
pile and in the soil is included in Figure 1.

4 w
® Accelerometer Laser w Laser 5 “
i ; il
0 Strain Gauge [ o
"l - Laser 3
PPT1 - _Actuator
= PPT2 t }
w
[ -1 .
Pt
@ ——
MG 5
[+, FIE:] I . &
O = O 0 -
= P L . = J
Jlows 7 wot4 3
3 i i o . =L }
L 2]
‘g : =T D
1 e - Q
o5 § - ACC_3 : S —
£l () ) e
I & T Al
£ ] @ m—— i
Otoisa ACG_2
= ) - a
8 = 1
EET N
o ® Il (i
D-l-mij— 3 y ALC_1
S £
- o5 1 Lol
= : . I
a

Figure 1 Experimental layout, including sensor locations. Model scale, dimensions in mm.

Table 3 Testing programme.

Name Load Control Dret (m)
Mil Mono. Displacement -
Cl Cyclic Displacement 10
Cc2 Cyclic Displacement 10
S1 Storm Load 12
S2E Storm Load 12
S3 Storm Load 12
M2 Mono. Displacement -

2.4  Load simulation

To simulate storm loads, an aero-hydro-servo-elastic
code (Ryan et al., 2024a) was used for the [IEA 15-MW
turbine (Gaertner et al., 2020) supported by a mono-
pile. Table 4 lists the simulation parameters. To match
the test piles, L was adjusted to 30 m, and the sand void
ratio to 0.58. The monotonic soil reaction was mod-
elled following Burd et al. (2020). Stochastic wind
fields were modelled using the Kaimal spectrum (IEC-
61400-3-1, 2019) and generated using TurbSim (Kel-
ley, 2007). Rayleigh damping was modelled with a
structural critical damping ratio of 0.6%. Soil-structure
interaction was modelled with multi-surface plasticity,
capturing the hysteretic response. Morison's (1950)
equation was used for hydrodynamic loads. Keulegan-
Carpenter numbers were less than 5, therefore C,,= 2
and C;= 0.7. Linear random wave theory was used to
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generate surface elevations and fluid particle kinemat-
ics (Ryan et al., 2024b). Wave fields were generated
using assumed unidirectional JONSWAP spectra
(IEC-61400-3-1, 2019).

Ten minutes of peak load from a 35h simulated
storm were selected. The load time histories of the cen-
trifuge storm events consisted of three repeats of these
10 minutes, with a ramp up and a ramp down phase.
The load was scaled relative to the ultimate load H,,
defined at 0.1D mudline displacement for the mono-
tonic push M1 (Figure 2). The peak load reached
0.5H,; for S1 and S3, and 0.75 H.; for S2E. The fre-
quency content for the storm events presented here
was scaled to capture the drainage factor of a D = 12m
reference monopile, based on Equation 1.

Table 4 Storm simulation inputs for reference pile.

Parameter Values
Rated power (MW) 15
Rated wind speed (m/s) 10.59
Cut-in, cut-out speed (m/s) 3 m/s, 25
Controller Variable-speed pitch
Rotor speed (rpm) 5-7.55
Rotor diameter (m) 240
Hub height above sea level (m) 150
Embedded pile length (m) 30
Monopile diameter (m) 10
1* tower modal frequency (Hz) 0.16
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Water depth (m) 30

Significant wave height (m) 9.9
Spectral peak period (s) 13.8
Mean hub wind speed (m/s) 47.3

Turbulence intensity (%) 11

3 RESULTS AND DISCUSSION

3.1 Monotonic loading

Figure 2 shows the normalised load—mudline displace-

ment (H—yo) response for the drained monotonic push-

over, M1. The nominal failure load H,;; was taken at

yo = 0.1D thus Hy;./y'D3 = 6.55.
8 T

=Ml — Hyq

0 0.05 0.1 0.15
yO/D

Figure 2 Drained monotonic loading response (M1).

3.2 Displacement-controlled cyclic loading

Events C1 and C2 are presented in Figure 4. The pile
was subjected to displacement-controlled cycles be-
tween 0 and 0.03D displacement at actuator level. The
loading period was 0.037s, matching the drainage fac-
tor of the D = 10m reference monopile. During C1, ex-
cess pore pressure (p.) accumulated rapidly, reaching
liquefaction (r, = p./c’v0 = 1). The increase of p, and
the consequent decrease of effective stresses reduced
soil stiffness. Therefore, the actuator displacement (y.)
required low values of load (H), and a significant pro-
portion of the actuator displacement reached the mud-
line (yo). As C1 progressed, p. dissipated. Eventually,
only oscillation of pore pressure around a hydrostatic
value occurred, which remained significant in ampli-
tude (-0.5 < r, £0.5). As p. dissipated, effective stress
and soil stiffness were restored, increasing the load H
required for the imposed y,. In parallel, the amplitude
of mudline displacement was reduced, indicating a rel-
atively more flexural response above the mudline.

C1 was the first load packet on a wished-in-place
monopile, surrounded by looser soil due to shadowing
effects. While these factors increase the tendency for
p. accumulation, the triggering of liquefaction with
relatively low cyclic loads (see H in Figure 4c as com-
pared to Figure 2) shows the susceptibility to p. accu-
mulation during the first loading event, for the exam-

ined dimensionless drainage factor (D, = 10m). Dur-
ing C2 (a repeat of the C1 load packet), the response
at the end of C1 was replicated. There was no accumu-
lation of p., only oscillation, demonstrating the im-
portance of loading history. Nevertheless, in-cycle r,
oscillation remained as significant, indicating that the
drained assumption was still inappropriate.
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Figure 3 Sequence of loading events. Time in model scale.
All cyclic tests were on the same model.
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Figure 4 CI and C2 events: (a) actuator displacement;
(b) mudline displacement; (c) actuator load; and (d) r, at
PPT 1, and peak r, for C1 indicated at cycle 14.

Figure 5 shows the distribution of r, when it
reached its peak value in cycle 14. Both plots show in-
creased r, towards the top of the pile, where displace-
ments were higher. In C1, a wide area around the pile
had high r,, with liquefaction on the front face of the
pile. This area of softened soil produced the low sys-
tem stiffness evidenced by the low values of H in Fig-
ure 4c. The centre of rotation was below the depth of
the monopile. In C2, an antisymmetric 7, distribution
was captured, consistent with pore pressure oscillation
around the hydrostatic value. Close to the pile base, r,
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distributions were reversed, with suction in front and
increased pressure behind the monopile, owing to ro-
tation about a point within the embedded length. In-
creased r, in front of the top of the monopile and de-
creased r, behind it indicate oscillation due to normal
loading rather than shearing, which would have caused
dilation-induced drops in 7,.
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Figure 5 Pore pressure distribution at peak r, for cycle 14.
Dimensions in model scale.

Time (s)
Figure 6 Storm load time histories: (a) actuator load;
(b) mudline displacement (zeroed at start of each event);
(c) ry at PPT 1 with moving mean r, overlaid (dashed);
and (e) r, at PPT 2. Time in model scale.
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3.3 Load-controlled storm loading

Figure 6 presents storm events S1, S2E and S3 (repeat
of S1), applied in this sequence. The simulated 10min
of loading (reference scale) were repeated three times
within each storm event. The actuator load in S1 only
briefly exceeded previous loads. In contrast, S2E
clearly exceeded past loading.

For all three storms, large oscillations of r, were
captured. Transient negative r, values within large
loading cycles likely restricted displacements. The
moving mean of r, gradually increased during large
amplitude cycles, with further increase following di-
rectly afterwards. With subsequent lower amplitude
cycles, the mean r, gradually dissipated, while in-cycle
oscillations persisted. Within a package of large am-
plitude cycles, mudline displacement accumulated
mostly towards its end, when the value of mean r, was
higher. During extreme storm S2E, displacement ac-
cumulation was recorded throughout the event, accom-
panied by an elevated mean r..

The sequence of loading cycles within the time his-
tory significantly affected mudline displacement accu-
mulation, an outcome inconsistent with a Miner’s rule
approach (Miner, 1945). During storm S1, mudline
displacement was accumulated mostly during high
amplitude loads, which were accompanied by moder-
ate increases in mean r,. Within S1, each repeat of the
10min simulated load led to reduced additional mud-
line displacement, despite similar mean r, values, a
trend more clearly observed for the extreme storm
S2E. Following S2E, storm S3 (repeat of S1) led to
minimal displacement accumulation, despite a very
similar moving mean r, time history as that of S1.

3.4 End of test pushover

Figure 7 shows the results of a pushover performed af-
ter the cyclic tests were completed (M2). An initially
stiff response was followed by a higher backbone
curve than MI, indicating densification around the
monopile following the sequence of loading events.

=)
T
L

H/~'D?
e

(9]
T
L

0 0.05 0.1 0.15
yO/D

Figure 7 Monotonic pushover comparison. M2 performed
after all the cyclic events.
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4  CONCLUSIONS

This study presented results from centrifuge model
tests examining the drainage response around a large-
diameter monopile in sand. In all cyclic events, signif-
icant, in-cycle pore water pressure oscillations were
recorded, revealing the inaccuracy of a drained as-
sumption. Large loading cycles, especially when ex-
ceeding the previously experienced maximum load,
led to a gradual increase in mean pore water pressure
and a reduction in system stiffness, though no compar-
ison with a ‘drained’ stiffness is made here. Mean pore
pressures dissipated during subsequent moderate cy-
cles, restoring the system stiffness, while in-cycle pore
pressure oscillation persisted. The accumulation of
mudline displacement that occurred during large load-
ing cycles was found to depend on the history of load-
ing within the same event, an outcome inconsistent
with a Miner’s rule approach. Overall, partial drainage
was found to be a controlling factor for the response of
large monopiles, which should not be neglected in de-
sign, especially for extreme events.
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