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ABSTRACT: The offshore wind industry is developing at a rapid pace with large wind turbine generators. In order to support this fast 
growth of offshore wind farms, large-diameter monopiles are being installed in offshore regions where the industry has limited 
knowledge of installation experience and ground conditions. This has led to various installation challenges, and pile run is one of the 
key challenges. Pile run is when a pile undergoes sudden and uncontrolled freefall, which was not predicted. The pile run phenomenon 
is not well understood by the industry, and there is currently a lot of active research on this topic. Pile run causes a significant risk to 
the project schedule, cost and to the safety of the vessel and operational personnel. Hence, understanding the pile run risk at the early 
stages of a project is vital for the success of a project. This paper provides insight into all the factors that could contribute to a pile run 
incident and provides recommendations on how pile run risks can be better predicted. Key factors that could contribute to pile run are 
investigated, and a better method of pile run prediction is proposed based on numerical work. This paper also presents results from 
numerical analysis, which provide better insight into excess pore pressures generated during pile driving and how that could initiate 
pile run.  
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1 INTRODUCTION 

As the use of offshore wind energy expands globally, the 
industry continually enhances its ability to adapt to local 
conditions and demands, striving to provide more reliable and 
efficient solutions for large-scale energy generation (GWEC, 
2025). This expansion requires installing larger monopile 
foundations in increasingly challenging offshore environments, 
often in areas with complex soil conditions. One of the most 
critical installation challenges facing the industry is the 
phenomenon of pile run. Pile run refers to the sudden, 
uncontrolled freefall of a pile during installation, a phenomenon 
that can occur unexpectedly and have severe consequences 
(DNV, 2022).  

Pile run events pose substantial risks to offshore 
operations, potentially causing equipment damage, project 
delays, and significant safety hazards. Current industry 
guidance documents, such as those from DNV, acknowledge 
this risk but provide limited methods for prediction. Traditional 
pile-driving analyses based on static soil resistance calculations 
often fail to anticipate such sudden events. Figure 1 provides a 
high-level summary of operation phases and associated risks 
that can contribute to pile run. There is presently an increased 
focus from industry on this phenomenon as demonstrated by 
paper submissions for 5th International Symposium on 
Frontiers in Offshore Geotechnics (held in June 2025) which 
included six entries related to pile run (Ghasemi et al, 2025; 
Kashichenula, 2025; Rosati et al, 2025; Senanayake et al, 2025; 
Vergote & Burgraeve, 2025; and Zhang et al, 2025).  

Building on recent advancements in analytical modelling 
of rate-dependent soil resistance and experimental insights into 
excess pore pressure accumulation in transitional soils, this 
paper aims to develop, using advanced numerical analysis, a 
comprehensive, risk-focused framework for predicting offshore 
pile run initiation and progression under real-world installation 
scenarios. 

2 PREVIOUS STUDIES INTO PILE RUN RISK  

Pile-run incidents have been observed to occur more frequently 
in offshore wind farms, mainly because they are constructed in 
regions with limited prior offshore experience and where large 
pile diameters and hammer sizes are used. Hence, there has 
been an increased focus on the causes and prediction of pile run 
in recent times. Various authors have proposed and developed 

frameworks for analysis of pile run (Vergote et al., 2025; Zhang 
et al., 2025; Senanayake et al., 2025; Duffy et al., 2025). These 
developed frameworks consider static resistance, dynamic 
effects through consideration of the system's kinetic energy, 
and rate effects. The development and prediction of pile run 
have mainly been based on back analysis of driving data, which 
relies on Soil Resistance to Driving (SRD). However, the SRD 
methods do not capture the generation of excess pore water 
pressure due to hammer blows, leading to a reduction in driving 
resistance and potentially resulting in pile run. Rosati et al. 
(2025) tested the hypothesis that energy and blows impacting a 
pile will generate excess pore water pressures, leading to a 
gradual reduction in driving resistance, through an 
experimental program conducted on a geotechnical centrifuge. 
Preliminary experimental results showed that the accumulation 
of excess pore water pressure during consecutive blows 
decreased driving resistance.  

This paper provides additional insight into pile run using 
advanced numerical modelling and analyses. Numerical 
dynamic finite element analyses (FEA) are carried out to 
provide insight into excess pore pressure generation and, hence, 
the reduction in SRD.  

  
Figure 1. Summary of operations phases and associated risks that 
could contribute to pile run. 
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3 FUNDAMENTALS BEHIND PILE RUN 

Figure 1 illustrates the potential risks that may contribute to pile 
runs. The key risks that may contribute to the occurrence of pile 
run are insufficient geotechnical characterisation and 
parameters, the adoption of an SRD methodology or a pile run 
estimation methodology that is not suitable for site-specific 
conditions, or poor pile-driving installation methodology.  

Pile run is more likely in areas with weak or 
unconsolidated soils, such as soft clays or silts, where the soil 
is easily displaced. Therefore, geological drivers have the main 
impact on monopile installation, including:  

 Paleochannels and Subsurface Heterogeneity 
Paleochannels are ancient riverbeds infilled with heterogeneous 
sediments, which introduce abrupt variations in soil stiffness 
and strength. These features can trigger pile run, whether 
unexpected or anticipated, when soft deposits (e.g., organic-rich 
muds) are encountered, reducing shaft friction (LeBlanc et al., 
2010).  

 Soil stratification and weak layers  
Weak interbeds (e.g., loose sands, sensitive clays) in stratified 
seabed profiles can cause sudden drops in driving resistance.  

For example, silty clay layers will remould under cyclic 
loading, further diminishing shear strength (Jardine et al, 2005). 

 
Local geotechnical modelling, integrating in situ Cone 
Penetration Test with pore water pressure (CPTu) data and 
laboratory shear tests, is required to forecast layer-specific 
resistance and maximise drivability (Achmus et al., 2009). 

 Soil Saturation and Pore Pressure Effects 
Several studies have reported on the generation of excess pore 
water pressure (PWPs) during pile driving. Pile installation 
using impact hammers affects the surrounding soil and induces 
large shear strains, leading to changes in the stress state and 
pore pressure response near the pile (Yazdani et al., 2020). 
Excessive pore pressure generation during dynamic pile driving 
diminishes effective stress, especially in low-permeability 
formations (e.g., silts, clays), resulting in temporary 
liquefaction and pile run (Randolph, 2003). The rate of 
dissipation of such pressures, dictated by soil consolidation 
characteristics, needs to be analysed to estimate re-stiffening 
after installation. Sophisticated finite-element (FE) analyses 
(e.g., PLAXIS 3D) can model pore pressure behaviour to guide 
installation procedures (Burd et al., 2020). 

4 SRD ASSESSMENTS    

4.1 SRD assessment methodologies  

Several methods are available in the literature to assess SRD. 
These methods assess static soil resistance and are generally 
developed based on back-analysis of pile-driving data. The 
following Cone Penetration Test, CPT-based methods were 
reviewed and used to assess SRD, considering a fully coring 
pile. 
 Alm and Hamre (1998, 2001): This methodology was 

developed considering CPT data as the primary input. It was 
initially developed in 1998 and updated in 2001, considering 
a larger database of driven piles. This methodology was 
developed based on pile-driving records from the North Sea. 
Pile diameters range between 1.83m and 2.74m. Friction 
fatigue in both sands and clays is used in assessing static 
resistance. 

 Maynard et al. (2019): This methodology is a modification 
of the Alm and Hamre (2001) method, considering the 
driveability of monopiles. The database considered piles 

installed in varying soil conditions from the North Sea: 
quaternary deposits overlying cretaceous chalk, Eocene 
Thames London Clay and Paleogene deposits consisting of 
very stiff to hard clays, dense to very dense sands. The pile 
sizes considered ranged between 4.8m to 7.5m in diameter. 
Fitting parameters were derived based on the formulations 
presented by Alm and Hamre. 

 Jones et al (2021): This methodology is a modification of the 
Alm and Hamre (2001) method. The database considers a 
wide range of soil conditions from normally consolidated 
clays offshore China to very dense sands and over-
consolidated clays in the North Sea and mudstone in the Irish 
Sea. Pile diameters ranged between 0.66m and 6.5m. The key 
update in this method is the improved prediction of shaft 
friction for over-consolidated cohesive soils. 

 MonoDrive (Stergiou et al., 2023): This methodology has 
been developed considering pile driving data from wind 
farms in the North and Irish Seas. Pile diameters considered 
ranged between 5.6m and 8.40m. The methodology considers 
CPT data. The methodology is a modification of the SRD 
methods developed by Byron et al. (2012), Schneider & 
Harmon (2010) and the Unified CPT SRD method (Lehane et 
al, 2022). Fitting parameters were calibrated and optimised 
against a database and used in the SRD method. 

4.2 Comparison of SRD by different methods   
SRDs were calculated using different methods for a typical 
offshore CPT profile with pile-run risk, as shown in Figure 4. 
Figure 2 presents the SRDs (Best Estimate - BE) for all four 
methodologies discussed in the previous section for the CPT 
profile provided in Figure 4. The above methods for estimating 
SRD should be used with caution, as they depend on the 
database from which they were developed. Maynard et al. 
(2019) and Stergiou et al. (2023) state that the databases used 
to develop SRD methods should be updated to improve the 
accuracy and applicability of SRD estimation. In the current 
study, SRD following Maynard et al. (2019) will be used, as it 
was developed for large-diameter piles and provides the lowest 
SRD. Thus, for pile sun assessment, it is conservative to use this 
SRD.   

 
Figure 2. SRD results were determined using four SRD methods: Alm 
and Hamre (2001), Maynard et al. (2019), Jones et al (2021), and 
MonoDrive (Stergiou et al., 2023). 

5 NUMERICAL ASSESSMENT 

Pile driving is a dynamic process that causes vibrations in the 
surrounding soil. It is expected that the soil in the vicinity of the 
pile will experience excess pore pressures due to dynamic 
loading (Senanayake et al., 2025; Vergote & Burgraeve, 2025; 
Rosati et al., 2025; Plaxis, 2021). Numerical dynamic finite 
element (FE) analyses were conducted to investigate the 
generation of excess pore pressures below the pile toe under 
various scenarios. Table 1 presents a summary of the Plaxis 
models analysed.  
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5.1 Pile geometry and hammer configuration weights 

The monopile considered was a hollow steel pile with an outer 
diameter D = 8.0m, a wall thickness t = 0.08m, a length L = 
65m, and an embedment depth of 9 m. The monopile's total self-
weight is circa 10 MN. Hydrohammer IHC S-2000 was 
considered in this analysis. The total weight of the hammer 
(including ancillary items) of 550 tonnes (circa 5.5MN) has 
been considered in the current assessments.  

5.2 Finite Element Model (PLAXIS)  

Α two-dimensional axisymmetric fully coupled, nonlinear 
dynamic FE analysis was carried out to understand the excess 
pore pressure generation due to pile driving. The water table 
was set at ground level. Plaxis 2D Ultimate software and the 
UBC3D-PLM constitutive model were used to model the 
dynamic behaviour of the soil under pile driving loading. 
UBC3D-PLM is an effective stress-elastoplastic model capable 
of simulating the liquefaction of sandy soil under dynamic 
loading conditions (Chakraborty & Sawant, 2022). Further 
details about the UBC3D-PLM model can be found in the work 
of Petalas & Galavi (2013).  

The mesh density was determined using Equation (1) 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑆𝑖𝑧𝑒 ൌ  𝑉௦,௠௜௡ 8 𝑓௠௔௫⁄  (1) 

where Vs,min is the lowest shear wave velocity, and fmax is the 
highest frequency of the input dynamic load. 

A volume cluster with linearly elastic non-porous material 
behaviour is selected to model the monopile, with a unit weight 
γ of 77kN/m3, a Young’s modulus E of 210 GPa, and a 
Poisson’s ratio  of 0.1 (Plaxis, 2021). Interface elements are 
placed on both the inner and outer sides of the pile to model the 
interaction between the pile and the soil, with a coefficient of 
reduction of the shear strength equal to Rinter = 0.67 along the 
shaft (Sun et al., 2017).  

The FE model extended laterally from the axisymmetric 
axis by 50m and vertically by 100m, corresponding to 6.25 ൈ 𝐷 
(where D is the pile diameter) and 1.5 ൈ 𝐿 (where L is the pile 
length), approximately, eliminating the effect that could be 
developed as a result of the boundaries, such as wave reflections 
(Figure 3). These model dimensions were determined from a 
preliminary sensitivity analysis that showed the boundaries did 
not affect the FEA results. Furthermore, the model dimensions 
agree with previous studies performed on caisson foundations 
and onshore wind turbines under seismic loading (Gaudio et al., 
2016; Gaudio et al., 2023; Zhang & Zhu, 2022). To avoid 
spurious wave reflections within the soil domain, viscous 
boundaries were used to simulate the far-field behaviour by 
absorbing dynamic loading-induced stress increments. The 
UBC3D-PLM model has advantages and limitations in its use 
and applicability (Petalas & Galavi, 2013). Although the 
UBC3D-PLM model is adequate for capturing the liquefaction 
behaviour of sand layers, it is insufficient to estimate initial 
stress conditions. Therefore, the Hardening Soil model with 
small-strain stiffness (HS-small) was used to accurately model 
the initial stress conditions.  

The numerical analyses for all the plaxis models in Table 
1 were carried out in three stages: The first stage, the initial 
stress field was established using K0 procedure and HS-small 
model. In the second stage, monopile was wished in place at 9m 
below ground level (bgl) as at this depth pile plus hammer 
weight (i.e. 15.5MN) is in equilibrium with soil resistance in 
driving (SRD) as shown in Figure 4. In the third stage, 
“dynamic with consolidation analysis" in a coupled manner 
using two permeability values k1=1x10-5 m/s (coarse sand) and 
k2=1x10-7 m/s (fine sand-silt mixture) was performed by 

replacing the HS-small model with the UBC-PLM model. The 
drainage type used was Undrained A.  

 

 
Figure 3. 2D axisymmetric finite element model used in the study. 

Table 1. Summary of Plaxis models analysed. 

Plaxis 
model 

Energy, 
𝐸௥ (kJ) 

Amplitude 
𝐴 (kN/m2) 

Rate 
(Blows 
/min) 

𝑓 
(Hz) 

Blows, 
N 

1a 200 2010 10 0.17 125 
1c 200 2010 35 0.58 125 
2a 2000 20095 10 0.17 125 
2c 2000 20095 35 0.58 125 
3a 500 5024 35 0.58 125 
3b 1000 10048 35 0.58 125 
3c 1000 10048 10 0.17 125 

 

5.2.1 Soil profile and constitutive model soil parameters 

The soil profile used for this study was developed based on a 
typical offshore CPT profile, as shown in Figure 4.  Brinkgreve 
et al. (2010) proposed empirical formulas to determine HS-
Small parameters. All formulas are expressed based on relative 
density (Dr). The UBC3D-PLM model has 15 parameters, and 
the model parameters were determined using corrected SPT 
blow counts (N1)60, as proposed by Beaty & Byrne (2011; 
Arboleda-Monsalve & Nguyen, 2016; Galavi, V., & Tehrani, 
2017). The relative density, Dr, was selected using the empirical 
correlation proposed by Jamiolkowski et al. (2003). Table 2 
summarises the soil profile and key soil parameters used in this 
study. 

In Plaxis 2D, both viscous (radiation) damping and 
hysteretic (material) damping are accounted for. The former is 
considered in the analysis using Rayleigh damping. In the 
current study, a damping ratio value ξ (typically chosen 
between 0.5-2% as recommended from Plaxis 2D) was 

assumed, and the target frequencies (𝑓ଵ ൌ
௏ೞ
ସு

 and 𝑓ଶ is the 

closest odd number given by the ratio of the dynamic load 
predominant frequency and 𝑓ଵ) were obtained employing the 
procedure proposed by Hudson et al. (1994). Rayleigh damping 
coefficients α of 3.685x10-2 and β of 9.57x10-4 associated with 
a small damping ratio ξ of 1% were considered in this study. 

5.2.2 Hammer impact load 

The hammer impact (i.e. force time history) at the top of the 
monopile was simulated using a line load with assigned 
dynamic multipliers having the shape of a half-sine wave, as 
shown in Figure 3 using Equation (2).  
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Figure 4. A typical offshore CPT profile, relative density profile, and 
SRD calculated using the modified Alm and Hamre (2001) method 
(Maynard et al., 2019). 

Table 2. Soil profile and key soil parameters. 

Layer 

Depth below 
Seabed Level 

(m bsl) 

Average 
qt 

(MPa) 
γ 

(kN/m3) 
Dr 

(%) 
(N1)60 

(-) 
Top Bottom 

Sand 
01 

0 8 15.4 19 84 31 

Sand 
02 

8 24 9.1 19 49 15 

Sand 
03 

24 75 7.2 19 27 10 

 

𝐹 ൌ 𝐴 ൈ sin ሾሺ2𝜋𝑓ሻ ൈ 𝑡] (2) 
where F is the instantaneous force at time t, A is the 

amplitude of the force, 𝑓 is the frequency (i.e. blow rate) and t 
is the dynamic time. 

The minimum and maximum blow energy (i.e. kinetic 
energy Er) of the IHC S-2000 hammer is 200kNm and 2000 
kNm, and the maximum blow rate is 35blows/min (i.e. 
𝑓=0.58Hz) according to the hammer specification. When the 
hammer hits the pile, it decelerates rapidly over a very short 
time. Using the work-energy principle given in Equation (3) 
and assuming a deceleration distance 𝑑 of 50mm, the hammer 
blow energy is converted to the amplitude of the hammer force 
amplitude of A. 

𝐴 ൌ
𝐸௥

𝐴௣௜௟௘ 𝑥 𝑑
 (3) 

where A is the amplitude of hammer force (in kN/m2), 𝐸௥ 
is the kinetic or blow energy (in kNm), and 𝑑 is the deceleration 
distance in m (i.e. distance over which the hammer decelerates), 
and 𝐴௣௜௟௘ is the pile area (in m2). Table 1 summarises the Plaxis 
input parameters for each model. 

The force time history at the pile head was simulated in 
Plaxis 2D as a half-sine wave (Figure 3) with amplitude A 
ranging between 2010kN/m2 and 20095kN/m2 corresponding to 
minimum and maximum hammer energy. The dynamic 
calculations were conducted over the time interval, Δt, that is 
equal to the measured time of impact during the field test. This 
time interval was subdivided into a maximum number of steps, 
m, and several sub-steps, n. The parameters m and n are used to 
discretise the dynamic time interval into the most suitable 
number of time steps, ensuring that the dynamic loading is 
adequately covered. A maximum number of blows N of 125 
(refusal based on ISO 19901-4:2016) and blow rate ranging 
between 5-35blow/min (i.e. 𝑓=0.08-0.58Hz) is considered in 
this study. Therefore, the duration of the hammer force time 
history ranges between 215.5sec to 1562.5sec, depending on the 

selected blow rate. In Plaxis 2D, numerous calculation steps 
were stored to allow extracting the results for intermediate blow 
number (e.g. N=1, 5, 10, 20, 50, and 125).  

6 SRD CALCULATION FROM NUMERICAL 
RESULTS  

Soil Resistance to Driving (SRD) was calculated using 
Maynard et al. (2019) and CPT data (Figure 4). The method is 
based on offshore piling data consisting of 202 pile drivability 
records from three sites with varying soil conditions. The 
Maynard et al. (2019) method is based on CPT data with no 
limits to either unit skin friction or end resistance values. SRD 
formulations are provided in Maynard et al. (2019). Using a 
typical offshore cone penetration test (CPT) data, SRD vs depth 
profile is estimated as shown in Figure 4. One of the key input 
parameters for Maynard et al. (2019) method is the effective 
overburden stress. As noted above, dynamic pile driving 
generates excess pore water pressures (PWP), reducing the 
effective stress, particularly in soils with low permeability. For 
the SRD calculations, only the reduction in effective stress due 
to excess pore was considered, and cone resistance qt, was 
assumed to remain unchanged. In reality, the cone resistance qt 
would also reduce and hence lead to further SRD reductions. 
This needs project-specific information and advanced 
assessments, which are beyond the scope of this paper. The 
reduced effective stresses were calculated based on pore 
pressure ratio ru,σv’, which were extracted from the Plaxis 
numerical model at the pile-soil interface and utilised in 
Maynard et al. (2019) method to assess the effect of the 
following parameters on SRD profile: 
 Hammer energy, 𝐸௥; and 
 Number of blows, N 
 Permeability of seabed soil, k 

7 RESULTS & DISCUSSION 

The results from numerical analyses indicate that variations in 
energy input, blow rate, and number of blows significantly 
influence Soil Resistance to Driving (SRD), with higher energy 
and number of blows generally leading to increased soil 
disturbance and excess pore pressures, and therefore a reduced 
SRD-depth profile. The SRD results presented below in section 
7.1 and 7.2 correspond to k2=1x10-7 m/s(fine sand-silt mixture). 

7.1 Effect of hammer energy, 𝐸௥ 

Figure 5 illustrates the effect of hammer energy (𝐸௥) on the 
SRD profile. The results indicate the following:  
 Hammer energy has a significant impact on SRD. 
 At high blow rates and low numbers of blows, SRD can 

decrease by a maximum of 29%, with an average 
reduction of approximately 6.5%. 

 At high blow rates and a high number of blows, SRD can 
decrease by a maximum of 62%, with an average 
decrease of approximately 29%. 

 When using high hammer energy (e.g., 2000 kJ) 
combined with a high number of blows, a maximum SRD 
reduction of 62% is observed, primarily due to the 
liquefaction of deeper sand layers (specifically, Layer 
Sand 03). 

7.2 Effect of number of blows, N 

The influence of the number of blows (N) on the SRD profile is 
illustrated in Figure 6. The results reveal the following trends: 
 For low hammer energy (200 kJ), SRD can decrease by a 

maximum of 21%, with an average reduction of 
approximately 2.5%.  
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Figure 5. Effect of hammer energy (𝐸௥) on SRD-depth profile. 

 For high hammer energy (2000 kJ), a more substantial 
SRD reduction is observed, ranging from 6% to 62%, 
with an average of approximately 30%.  

 SRD reduction appears largely independent of blow rate, 
as the average difference across varying blow rates is 
only about 0.3% and 1.2%, for low (200kJ) and high 
(2000kJ) hammer energy.  

7.3 Effect of soil permeability, 𝑘 

Figure 7 presents the influence of soil permeability 
(specifically, k1=1x10-5 m/s and k2=1x10-7 m/s) on the PWP 
generated at the pile toe during the first 6s (rate of 10 blows per 
min was analysed). The analyses considered 3 hammer energies 
(𝐸௥), 200 kJ, 1000 kJ, and 2000 kJ respectively. The results 
provide the following insight: 
 As the hammer energy increases, the generation of excess 

pore water pressure (PWP) exhibits a linear trend.  
 As expected, sand with higher hydraulic conductivity 

(k1=1x10-5 m/s) generates lower excess PWP compared to 
sand with low hydraulic conductivity (k2=1x10-7 m/s). 

Figure 8 presents the pore pressure ratio generated after 10 
blows along the depth at the pile wall location for two different 
hydraulic conductivities. It is evident that lower hydraulic 
conductivity results in temporary liquefaction at certain depths 
(i.e. pore pressure ratio ru > 0.8, Olson et al., 2020) as shown in 
Figure 8. This highlights the importance of temporary 
liquefaction which can trigger the pile run.  

8 CONCLUSIONS 

This paper examined the key factors contributing to pile run by 
numerical analysis. Based on the results presented in this study, 
the following conclusions can be drawn: 
 A two-dimensional axisymmetric fully coupled, nonlinear 

dynamic FE analysis using UBC3D-PLM constitutive 
model, can help in pile run risk prediction by capturing 
excess pore pressure generation due to dynamic loading. 

 It is important to note that SRD calculations (Figure 2) do 
not account for excess pore pressures, due to dynamic 
loading, which can trigger pile run.  

 Excess pore pressure builds up during impact driving 
depends on soil permeability and hammer energy.  

 An improved SRD prediction method can be achieved by 
integrating CPT-based analytical approaches (e.g. 
Maynard et al., 2019) with numerical model outputs, 
incorporating dynamic effects and excess PWP to better 
reflect real-world installation conditions. 
 

 
Figure 6. Effect of number of blows on SRD results for low blow rate 
10bl/min. 

 
Figure 7. Influence of soil permeability and hammer energy on the 
excess PWP generated at the pile toe during a single hammer blow. 

  
Figure 8. Effect of hammer energy on excess pore pressure ratio, ru, 
after 10 blows at rate of 10bl/min, low permeability (k2=1x10-7 m/s). 
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