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ABSTRACT:  Sand, and especially silty sand, is highly degradable under cycles of undrained loading, hence the degree of 
drainage in a storm fully controls the required pile penetration depth in sand dominated profiles. Undrained cyclic stress-
strain curves, representing the equivalent accumulated strain for storm loading at different stress mobilizations, are typically 
employed for monopile design analysis in sand dominated units based on interpretation of cyclic contour diagrams using 
site-specific storm Markov matrix data. Such design approaches can also consider the effect of drainage occurring concur-
rently with the excess pore pressure (epp) generation during each load parcel. Conservative drainage assumptions are typi-
cally employed within simplified analytical or empirical models to estimate the degree of epp dissipation. This paper reviews 
the drainage characteristics (epp build-up and dissipation) around a laterally loaded monopile. In particular, a number of key 
factors influencing the epp dissipation (load utilisation, pile embedment ratio, sand permeability and presence of a shallow 
clay layer) were investigated. Fully coupled flow-deformation finite element analyses were performed using a soil constitu-
tive model, calibrated against cyclic contour diagrams from a North Sea dense sand to generate a representative pore pressure 
field, for a given number of cycles, prior to running the dissipation stage to examine the storm drainage time. 
The paper shows that the drainage characteristics of the system can have a substantial impact on the storm drainage time and 
hence the monopile response. The evolution of pore pressure ratio over time is presented which can be used to inform the 
degree of epp dissipation that can be considered during a storm for the various sensitivity cases. It is also shown how these 
results can be used to calibrate an analytical radial dissipation model within the design framework of cyclic envelope stress-
strain curve development. 
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1 INTRODUCTION 

Soils that classify as “SAND” are typically treated as 
drained, though this assumption is unlikely to be valid 
for large diameter monopiles, particularly under cyclic 
loading. Sand, and even more so silty sand, is highly 
degradable under a few cycles of undrained loading. 
Therefore, the degree of drainage in a storm fully con-
trols the pile penetration depth (PPD) in sand domi-
nated soil profiles. Such equivalent undrained cyclic 
stress-strain curves are typically employed for mono-
pile design analysis in sand dominated units, based on 
interpretation of cyclic contour diagrams, using the 
site-specific storm Markov matrix data.  

A cyclic envelope stress-strain curve, also termed 
the 𝑁𝑒𝑞 stress-strain curve (Andersen, 2015), which 

represents the equivalent accumulated strain for storm 

loading at different stress mobilisations, is a typical in-
put for monopile design analysis. This 𝑁𝑒𝑞 curve gives 

the accumulated shear strains at an envelope of cyclic 
stress ratios for a given number of cycles considering 
fully undrained conditions. It can also entail the con-
sideration of the effect of drainage occurring simulta-
neously with the excess pore pressure generation dur-
ing each load parcel for the sand units to define an 𝑁𝑒𝑞 

which only considers equivalent fully undrained cy-
cles. 

This study adopted a methodology in accordance 
with Andersen (2015) which includes a consolidation 
component comprising a circular disk with radial pore 
pressure dissipation based on dissipation diagrams 
(Figure 1). The (equivalent) drainage length (i.e. dis-
tance between the monopile sleeve and the free drain-
age boundary) is a key parameter in this simplified an-
alytical radial dissipation analysis. A parametric study 
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with the use of fully coupled flow-deformation finite 
element analyses (FEA) was performed to investigate 
the influence of a number of key factors (load 
utilisation, pile embedment ratio, sand permeability 
and presence of a shallow clay layer) in the derivation 
of the equivalent drainage length. 

2 APPROACH 

The adopted approach included the following steps: 
• Select a suitable constitutive model and calibrate 

it based on typical North Sea cyclic contour dia-
grams to a specific 𝑁𝑒𝑞 for pore pressure and shear 

strain accumulation. 
• Perform 3D FEA undrained loading stage in Plaxis 

(2021), considering the calibrated 𝑁𝑒𝑞 cyclic con-

stitutive model for two mobilisation levels of the 
ultimate load to generate a representative excess 
pore pressure field.  

• Review  the excess pore pressure bulb lateral ex-
tent (from the pile sleeve to 𝑃𝑃𝑅 ≈ 0, where 𝑃𝑃𝑅 
is the normalised pore pressure defined as 𝑃𝑃𝑅 =𝑢 𝑢0⁄ , where 𝑢 is the excess pore pressure at a spe-
cific time interval and 𝑢0 is the excess pore pres-
sure for undrained loading) along the pile length. 

• Perform 3D FEA consolidation stage for dissipa-
tion of the generated excess pore pressure field. 

• Determine drainage times (𝑡) for various 𝑃𝑃𝑅. 
• For each pair of 𝑡 − 𝑃𝑃𝑅 calculate the drainage 

length (𝛼) in accordance with the analytical radial 
dissipation method from Andersen (2015) (see 
Figure 1) and determine the drainage length at the 
time of nearly full drainage. 

 

 
Figure 1. Pore pressure dissipation in a disk with radial 

drainage (from Andersen, 2015); Normalised drainage 

time, T, derived as per Equation 1 below  

 𝑇 = 𝑐𝑣𝛼2 ∙ 𝑡 (1) 

 

where 𝑇 is the normalised drainage time and 𝑐𝑣 
(m2/s) is the consolidation coefficient. 

3 FEA MODEL 

3.1 FEA Cases 

The base case (Case 1) is a uniform profile of dense 
clean sand with monopile embedment ratio (L/D) of 
3.2 and a coefficient of permeability (𝑘) of 5e-5 m/s. 
Cases 2 and 3 differ only in terms of L/D, with values 
of 2.7 and 4.2, respectively. Case 4 is like Case 1 with 
the difference that 𝑘 is 1e-6 m/s representing a dense 
silty sand. Case 5 introduces a shallow clay layer in the 
top 5 m of the profile. The clay is modelled as practi-
cally impermeable (𝑘=1e-10 m/s). Figure 2 presents a 
schematic of the considered FEA cases. 

 

 
Figure 2. Schematic of FEA cases 

3.2 Model Set-up 

The full 3D FE mesh of both the soil and the pile was 
developed using 10-noded quadratic fully integrated 
tetrahedral elements. Each FE model comprised half 
of the pile and soil considering the symmetry of the 
laterally loaded monopile problem. All vertical bound-
aries (including the plane of symmetry) were normally 
fixed and the lower horizontal boundary was fully 
fixed. All ground water flow boundaries were open ex-
cept for the plane of symmetry and the lower horizon-
tal boundary. Six-noded triangular shell elements were 
used to model the steel pile wall. The pile steel was 
represented using a linear elastic model with a 
Young’s modulus of 210 MPa and Poisson’s ratio of 
0.3. Between the pile wall and the soil, 12-noded inter-
face elements were used to model soil-structure inter-
action. The interface elements were modelled with an 
elastic stiffness of 105 kN/m3 and a strength of 2/3 the 
strength of the adjacent soil. 

The element distribution across the mesh was opti-
mised to provide local refinement in the zones close to 
the pile shaft and tip, while limiting the number of el-
ements in the outer zones of the model. Following a 
mesh sensitivity analysis to determine the optimal 



Drainage Conditions Around Monopiles in Sand Under Cyclic Loading 

Proceedings of the 5th ISFOG 2025 3 

mesh density and configuration while balancing anal-
ysis calculation times and accuracy, the following 
model dimensions were considered: 
• 2.5 pile embedded lengths horizontally in the di-

rection and opposite to the direction of loading. 
• 3.5 pile diameters horizontally perpendicular to 

the direction of loading. 
• 1.7 pile embedded length for the bottom vertical 

boundary. 
 

The FEA considered a pile diameter of 10 m with a 
pile wall thickness of 72 mm. Isotropic permeability 
was assumed in all analyses. 

The FEA model included four calculation stages:  
• Initial: isotropic conditions were assumed (coeffi-

cient of earth pressure at rest, 𝐾0 = 1). 
• Pile installation: pile wished in-place (the contri-

bution of installation effects to the overall drain-
age capacity of the soil-monopile model was as-
sessed by the authors as minor). 

• Horizontal loading: consolidation analysis with 
simultaneous application of the prescribed mono-
pile loads within a time interval of 2.5 seconds, 
simulating one quarter of a cycle with a loading 
frequency of 0.1 Hz. 

• Consolidation: consolidation analysis for a time 
interval of 1,000 seconds, simulating the time re-
quired for 100 storm loading cycles with a fre-
quency of 0.1 Hz. 

 
An undrained pushover analysis was performed for 

each of the five cases to determine the failure load. 
Two load utilisations were considered, i.e. 50 % of the 
failure (ultimate) load, targeting normal operating con-
ditions, and 90 % of the failure load, targeting extreme 
close-to-failure conditions. A lever arm of 52 m was 
assumed. Table 1 presents the failure load utilisations 
for each case. 

 
Table 1. Failure load utilisations 

Case 
Horizontal Load [MN] 

50 % utilisation 90 % utilisation 

1 9.90 17.82 

2 6.35 11.43 

3 23.95 35.00 

4 9.90 16.93 

5 9.83 16.81 

 

3.3 Soil Constitutive Model 

The aim was to calibrate the soil constitutive model 
against cyclic contour diagrams to represent ade-
quately both the cyclic pore pressure development and 

shear stress-strain response for a specific number of 
cycles (i.e. 𝑁𝑒𝑞 curve). The cyclic contour diagrams 

that were selected to calibrate the model were taken 
from a typical North Sea sand unit corresponding to 
the Yarmouth Roads formation. 

For the selection of 𝑁𝑒𝑞 for which to derive enve-

lope stress-strain and excess pore pressure-strain 
curves, a few North Sea storms from the authors’ in-
ternal database and past experience have been consid-
ered and a value of 𝑁𝑒𝑞=50 was selected as representa-

tive of the degradation expected in a sand unit after the 
peak storm excluding any drainage effects, i.e. under 
fully undrained conditions. 

The Modified Cam-Clay (MCC) model (Muir 
Wood, 1991) was selected due to its ease for calibra-
tion, good performance against the cyclic contour dia-
gram plots (Figure 3) and considering that the flow 
rule of the MCC model has been shown to perform 
well in predicting the volumetric accumulation in cy-
clic testing (Wichtmann, 2016), which manifests as ex-
cess pore pressure in undrained cyclic loading. Figure 
3 presents a comparison of a single element test simu-
lation (undrained DSS test) with the calibrated MCC 
model against the envelope (𝑁𝑒𝑞=50) pore pressure ra-

tio curve from the cyclic contour diagrams selected 
from our database. 

 

 
Figure 3. Pore pressure ratio versus shear strain 

 
The MCC yield function was slightly modified to 

better capture the 𝑁𝑒𝑞 envelope stress-strain and 

excess pore pressure generation response (Equation 2).  
Table 2 summarises the calibrated MCC model 

parameter values. These values also apply to the clay 
layer modelled in Case 5 to ensure comparable 
stiffness with the other cases and minimise influence 
on the drainage results. 

 𝑓 = 𝑞2𝑀2 + 2𝑝′(2𝑝′ − 𝑝𝑐) (2) 

 
 

Table 2. MCC calibrated parameter values 
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Model Pa-

rameter 

Description Value 

𝝀 
Cam-Clay compression in-

dex 
0.12 𝜿 Cam-Clay swelling index 0.01 𝑴 

Tangent of the critical state 
line 

0.69-
0.93 𝒆𝒊𝒏𝒊 Initial void ratio for load-

ing/unloading 
0.59 𝒗𝒖𝒓 Poisson’s ratio 0.30 

4 RESULTS 

4.1 General  

It can be seen from Figure 4 that the drainage time be-
low the monopile pivot point (i.e. the deep failure zone 
within bottom ~0.3L of the monopile) and around the 
pile base is significantly shorter than within the wedge 
mechanism (shallow failure zone top ~0.5L of the 
monopile). This observed behaviour is according to 
expectations when considering the difference in the 
relative drainage paths of the excess pore pressure gen-
erated within the shallow mechanism and the deeper 
mechanism of a laterally loaded monopile. At the base 
of the pile drainage can occur upwards within the plug 
and downwards to deeper soil with a shorter drainage 
path than within the shallow wedge failure mechanism 
where radial drainage is predominant. In addition, the 
toe failure mechanism is more localised and hence 
shorter drainage paths occur. 

 

 
Figure 4. Excess pore pressure contours at different time 

intervals – Case 1 at 50 % ultimate load utilisation 

4.2 Statistical Approach  

A statistical approach was adopted whereby the excess 
pore pressure at all stress points of the mesh was ex-
tracted and post-processed through a python script. 
Figure 5 illustrates an example showing the excess 
pore pressure around the monopile at the end of the 
horizontal loading stage. The same pore pressure bulbs 
(zones where the excess pore pressure is larger), as 
presented in Figure 4(i), are evident. 

In order to increase the robustness of the statistical 
analysis, a number of criteria were applied to the 
extracted excess pore pressure results at the stress 
points. If at start of consolidation the pore pressure 
ratio 𝑟𝑢= 𝑢 𝜎𝑣′⁄  ≤ 0.1, it was considered negligible and  
the stress point was excluded from further analysis. If 
at any time during consolidation 𝑟𝑢 ≤ 0.1, then the PPR 
of the stress point was set to zero, i.e. the point is 
considered to be drained. 

 

 

 
Figure 5. Post-processed stress points showing excess pore 

pressure at the end of the horizontal loading stage – Case 

1 at 90 % ultimate load utilisation 

 
The normalised cumulative histograms of the PPR 

at various time intervals during consolidation were 
then determined (Figure 6 presents an example for 
Case 2). The median PPR for each histogram was 
selected as an indicative measure of the system 
drainage and was used to determine an average 
drainage length for use in the analytical dissiption 
model (see Section 2). 
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Figure 6. Normalised cumulative histogram of PPR for 

Case 2 at the time of nearly full drainage – 50 % ultimate 

load utilisation (pink dashed line is the median PPR) 

 
Figure 7 and Figure 8 present the evolution of the 

median PPR versus consolidation time per case, for the 
50 % and 90 % ultimate load utilisations, respectively. 

 

 
Figure 7. Median PPR versus consolidation time per case 

– 50 % ultimate load utilisation 

 

 
Figure 8. Median PPR versus consolidation time per case 

– 90 % ultimate load utilisation 

 
To estimate the drainage length an estimation of the 

consolidation coefficient (𝑐𝑣) is required. This was 
done considering 1D vertical consolidation in 
accordance with the following equation: 

 

𝑐𝑣 = 𝑘∙𝑀𝛾𝑤 = 𝑘𝛾𝑤 ∙ (1+𝑒)∙𝜎𝑣0′𝜆  (3) 

 
Figure 9 presents the derived normalised drainage 

lengths per case and per load utilisation. Note that 
these are radial drainage lengths applicable to the 
Andersen (2015) analytical dissipation model. 

 

 
Figure 9. Normalised drainage lengths per case for two 

load utilisations (orange: 50 %; blue: 90 %) 

5 DISCUSSION 

Figure 9 illustrates that the drainage length for the 5 
cases analysed ranges between ~0.5D and ~1.3D 
(where D is pile diameter) depending on the case and 
the ultimate load utilisation. As expected, larger load 
utilisations lead to larger generation of excess pore 
pressures which take longer to dissipate thus increas-
ing the back-figured radial drainage lengths. The range 
of drainage lengths between the cases is relatively nar-
row with a mean value of 0.61 and standard deviation 
of 0.06 at 50 % ultimate load utilisation (relevant for 
SLS loading conditions), and a mean value of 1.27 and 
standard deviation of 0.21 at 90 % ultimate load utili-
sation (relevant for ULS loading conditions).  The 
drainage lengths as outlined in Figure 8 are generally 
in line with the pore pressure bulb lengths, which are 
≤1.0D, as seen for example for Case 1 in Figure 4. 

Figure 8 shows that the drainage length does not 
vary much with L/D (Cases 1, 2 and 3) provided that 
the monopiles are loaded to the same utilisation. This 
is also evident from review of the median PPR 
evolution with time (Figure 6 and Figure 7) where a 
similar trend is observed; particularly at 90 % 
utilisation the PPR curves fall practically on top of 
each other for Cases 1, 2 and 3. This shows that there 
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are two factors with reverse effect that are influencing 
drainage in piles of differing length: 
• As L/D increases and the load utilisation stays the 

same, the monopile imposes a larger mobilisation 
to the soil around it and hence a larger generation 
of excess pore pressures that should consequently 
increase the system drainage time and the back-
calculated drainage length. This L/D trend is 
mainly due to the observed drainage behaviour of 
the shallow wedge mechanism where drainage is 
predominantly radial. At larger depths near the 
pile toe, it is shown that drainage occurs relatively 
quickly irrespective of the different excess pore 
pressure generation from the piles with different 
L/D ratio (Figure 10). 

• As the monopile length increases, there is greater 
availability of drainage paths for (vertical and ra-
dial) dissipation of the generated excess pore pres-
sures due to the contribution of a larger proportion 
of the mesh to the drainage process, therefore it 
tends to decrease the system drainage time and the 
back-calculated drainage length. 

 

 
Figure 10. PPR versus time for Cases 1, 2 and 3 at 90 % 

ultimate load utilisation – Stress point at 1 m away from 

the pile sleeve at the back face of the pile toe 

 
From review of the median PPR evolution with 

time (Figure 7 and Figure 8) for Case 4, it can be 
deduced that the behaviour can be considered fully 
undrained since after 1000 seconds following load 
application (i.e. a time interval that can be translated 
to 100 load cycles with frequency of 0.1 Hz), no 
significant excess pore pressure dissipation has taken 
place, i.e. median PPR is unity. The dissipation time 
needs to be extended tenfold to reach some noticeable 
pore pressure dissipation, i.e. median PPR at 50 % 
ultimate load utilisation is 0.56 after 10,000 seconds. 
It has been therefore shown that silty sand layers with 
coefficient of permeability as low as 1e-6 m/s (Case 4) 
will likely behave fully undrained during cyclic 
accumulation with no or very little partial drainage 
during application of the storm cyclic load history. To 

showcase the significant effect of the sand 
permeability on the excess pore pressure dissipation, 
an alternative Case 4 with 5 times higher coefficient of 
permeability (k=5e-6 m/s) was run and the evolution 
of the median PPR versus consolidation time for the 
50 % ultimate load utilisation is presented in Figure 11 
for comparison. 

 

 
Figure 11. Median PPR versus consolidation time for Case 

4 and an alternative Case 4 with higher permeability – 50 

% ultimate load utilisation 

 
The presence of a shallow (practically impermea-

ble) clay layer that is generally thin relative to the PPD 
does not seem to have a significant impact on the over-
all drainage capacity of the monopile-soil model (see 
Case 1 and Case 5 results in Figure 8). Similar time-
domain numerical analyses in the literature confirm 
the above outcome (Chaloulos et al., 2024). This is ac-
cording to expectations after review of the drainage 
mechanisms around a laterally loaded monopile: 
• The drainage mechanism at the deep failure zone 

near the pile toe involves significant vertical drain-
age towards deeper soil and the soil plug which is 
not particularly hindered by the presence of shal-
low impermeable layers. 

• The predominant drainage mechanism at the shal-
low wedge failure mechanism is radial drainage 
which is also not hindered by the presence of shal-
low impermeable layers. 

6 CONCUSION AND 
RECOMMENDATIONS 

 
The excess pore pressure development and dissipation 
(i.e. drainage response) around a monopile under lat-
eral loading is highly complex, as shown by the results 
presented within this study, and therefore the develop-
ment of simple generic design rules is challenging. The 
numerical analyses performed and presented herein 
provide further insight in the expected drainage re-
sponse for laterally loaded monopiles in sandy soils. It 
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has been shown that the drainage characteristics of the 
system can have a substantial impact on monopile re-
sponse. The amount of drainage in sandy soils under 
cyclic loading directly affects the design PPD; there-
fore, representative consideration of the system drain-
age response is key to ensure a safe and optimised 
monopile design. 

The premises and assumptions of this study must 
be noted though. In particular, the drainage results are 
sensitive to the monopile mobilisation, therefore 
sensitive to the strength and stiffness characteristics of 
the cyclic contours that were used in this study to 
calibrate the constitutive model against. An additional 
study, expanding on the results of the current one, is 
recommended to derive more systematic results by 
consideration, for example, of a larger pool of soil 
cyclic contours, pile geometrical configurations and 
loading conditions, that would further span the 
parametric space of the parameters likely to influence 
drainage during cyclic lateral loading of monopiles. 
Nevertheless, this study made an important first step 
into providing insight in the representation of the 
drainage response expected for laterally loaded 
monopiles in the sandy soils along with some guidance 
in the parameter selection (e.g. drainage length) used 
in simplified design procedures (e.g. Andersen, 2015). 
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