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A B S T R A C T

Driven pipe piles are used extensively in coastal and offshore projects. Traditionally piles with diameters of 2–3 
m were common in the offshore wind industry, however the diameter of monopiles to support a 10 MW wind 
turbine is more commonly 10 m. Offshore wind projects are being developed at sites with very low seabed 
strengths and pipe pile weights are increasing significantly. Self-weight penetration occurs when the pile is first 
placed on the seabed. A combination of low strength seabed conditions and increased pile self-weight leads to the 
risk of pile run (uncontrolled self-weight penetration) during installation at some sites. Predicting pile run risk, 
run velocities and penetration depths is challenging due to inherent rate effects and the large strains involved. 
While rapid penetration processes can be considered using both analytic methods and Large Deformation Finite 
Element simulations, the role of soil rigidity is seldom taken into account, despite known implications from static 
pile assessments. This study uses large deformation simulation with the Coupled Eulerian Lagrangian method to 
simulate the pile running process for five well-studied fine-grained soils with varying elastic stiffnesses. Results 
are compared with analytic methods, highlighting the limitations of current predictive techniques in terms of 
both the end tip and shaft resistance. As a corollary, a linear trend for the final penetration depth with respect to 
the logarithm of the soil rigidity index is incorporated in an existing analytic code based on results obtained from 
large deformation simulations.

1. Introduction

During offshore installation of a pile, rapid, uncontrolled penetration 
can occur when the soil resistance cannot support the pile dead weight, 
which can be in excess of 1,000 tonnes. Free-fall, high-velocity descent 
can damage the driving hammer, while sling failures can result in 
hammer loss and high snap loads. Pile running is primarily attributed to 
(1) the presence of layered soils where underlying materials promote 
punch-through (Zhao et al., 2023), (2) the reduction of shaft resistance 
as a result of particle breakage (commonly in carbonate soils) (Senders 
et al., 2013) and (3) clays with insufficient end bearing resistance to 
provide support. Dover and Richardson (2007) report 26 pile running 
events at the Richmond Sand Rafael that were attributed to clay with 
insufficient end bearing. Yan et al. (2015) noted that the presence of 
unexpected soft clay layers was the primary cause of a set of uncon
trolled pile penetrations observed in the South China Sea, where mul
tiple 158-metre piles exhibited uncontrolled penetration in excess of 20 
m in depth. Additional pile running events in soft clays were noted in 

locations including Shanghai harbour (Shengchang & Shaolin, 2011) 
and Western India (Tian & Cassidy, 2022).

Current analytical methods for calculating the free-fall pile velocities 
and total penetration depths are based on the governing equations of 
motion, whereby resistive and driving forces determine pile accelera
tion. During running, the sum of the end bearing capacity and shaft 
resistance is less than the driving force due to the pile deadweight and 
force provided by the hammer impact. Sun et al. (2016) developed a 
procedure to calculate velocities and penetration depths during driving, 
similar to methods used for dynamic plate anchor penetration 
(O’Loughlin et al., 2016) and free-fall penetrometers (Chow et al., 
2023). Expanding the method, (Sun et al., 2022) considered pile run in 
the South China Sea, showing good agreement with field observations. 
Kong et al. (2019) highlighted the effects of various skin friction 
reduction factors to develop piecewise functions for dynamic friction 
resistance in sand and clay. A limitation of these analytic methods is that 
several a-priori assumptions are required, notably the selection of an 
appropriate ratio of internal to external shaft friction. Based on the 
bearing capacity calculations implemented, the soil is also considered as 
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incompressible. Large Deformation Finite Element (LDFE) methods 
present an alternative for simulating uncontrolled pile penetration, 
plugging and soil flow. The Coupled Eulerian Lagrangian method (CEL) 
is widely used for ‘large-strain’ geotechnical simulation of a variety of 
onshore and offshore applications ranging from spudcan installation 
(Tolooiyan et al., 2024) to landslide runout (Sha et al., 2023) and lab
oratory shear tests (Tatnell et al., 2021). In the case of pile running, Zhao 
et al. (2023) used CEL to model pile descent in layered soils to under
stand soil flow across soil boundary layers. Tian and Cassidy (2022)
presented three known cases of pile running with CEL, comparing inner 
and after shaft resistance profiles, while noting some discrepancies with 
the bearing resistance obtained from analytic calculations.

Due to their inherent stress–strain-based formulation, LDFE methods 
allow for the effects of soil stiffness, E and compressibility to be assessed. 
While the role of stiffness in analytical methods is neglected, the impacts 
of foundation stiffness and compressibility in static bearing capacity 
analyses are well understood. When considering non-linear materials, 
Randolph et al. (1994) noted that the end-bearing capacity of piles is a 
function of both soil strength and rigidity index (i.e. the ratio of stiffness 
to strength). Poulos et al. (2002) noted that the stiffness of soil sur
rounding the pile shaft and immediately beneath the pile tip strongly 
influences the settlement of single piles and small pile groups. Estima
tion of soil stiffness for foundations is discussed at length by Poulos 
(1994) and Mayne (1995). Vesić (1973) proposed a set of soil 
compressibility factors for cohesive soils based on cavity expansion 
theory to accommodate volume changes in the plastic zone, for the 
purpose of bearing capacity calculations that account for stiffness. 
Analogous to cone penetration, a set of stiffness-dependent CPT cone 
factors (Nk) have been presented by Baligh et al. (1980), Teh and 
Houlsby (1991) and Vesić (1972). Resultingly, Yu and Mitchell (1998)
compiled values of Nk ranging from 8.3 to 18.0, for Rigidity Index (Ir) of 
50 to 400, respectively. The extent of plastic zone formation for deep 
penetration is also dependent on Ir, as shown by Fallah et al. (2016) and 
Lu et al. (2004). Zhou et al. (2024) considered the effects of elastic 
stiffness on the end bearing resistance of various piles and bucket 
foundations, while also focusing on the size of the plastic zone. Despite 
known stiffness effects for static pile bearing capacities and dynamic 
cone penetration, existing pile run analyses focus primarily on shear 
strength as the governing factor in both the penetration depth and 
velocity.

This research presents five well-researched fine-grained soils and 
their susceptibility to free-fall to identify stiffness-dependencies in un
controlled pile penetration. Trends in velocity and displacement are 
presented using LDFE simulation and are compared with a modified 
analytic pile running method based on rigidity index. Further features 
specific to LDFE simulation, namely time-dependent heave within the 

pipe pile and the shape of the plastic zone surrounding the pile, are 
presented.

2. Existing methods for pile running analysis

A brief description of the governing equations based on soil resistive 
and driving forces based on the analytic method proposed by (Sun et al., 
2016) are provided. Following Newton’s Second Law of Motion, the soil- 
pile-hammer equilibrium is obtained by 

1
2
(
mp +mh

) d2ztip

dt2 = Gpile − Fs − Fbear − Fb − Fd (1) 

where, mp is the pile mass; mh is the hammer mass; ztip is the position of 
the pile tip; Gpile is the force of the pile hammer due to gravity; Fs is the 
pile sleeve resistance; Fbear is the end-bearing resistance; Fb is the 
buoyant weight of the displaced soil; and Fd is the inertial drag force. 
Based on Equation (1), velocities are determined at discrete calculation 
steps j − 1 and j, at which the pile-hammer system displaces a distance 
ΔS. 

1
2
(
mh +mp

)(
v2

j − v2
j− 1

)
= (G − Fs − Fbear − Fb)ΔS (2) 

The end-bearing resistance and shaft friction are calculated based on the 
American Petroleum Institute (API) Guideline RP 2A-WSD (API, 2020) 
for axially loaded piles. The side friction, Fs, is calculated as the sum of 
the friction on the inner and outer pile surfaces 

Fs =

∫ z

0
fs(z)(1+ β)πDdz (3) 

where, fs represents the unit skin friction; β is the ratio of inner and outer 
skin friction, typically ranging from 0 to 0.5 (Dover & Davidson, 2007); 
and D is the outer diameter of the pile. Sun et al. (2016) back-calculated 
appropriate values for β based on site conditions for a pile running case 
in the South China Sea, observing a ratio closer to 0.4. For pipe piles 
installed in clay soils, the total stress α-method is used, where 

fs(z) = αsu (4) 

where su is the undrained shear strength; with α defined as follows 

α =
1
2

(
su

σv́o

)− 0.5

,
su

σv́o

≤ 1 (5a) 

α =
1
2

(
su

σv́o

)− 0.25

,
su

σv́o

≥ 1 (5b) 

Nomenclature

Across cross-sectional area of the pile [m2]
g gravity [m/s2]
D outer diameter of the pile [m]
Fb soil buoyancy from seawater [MN]
Fbear end bearing resistance [MN]
Fd inertial drag resistance [MN]
Fs skin friction [MN]
Ftotal total resistance [MN]
G soil rigidity index [-]
Gpile total gravitation forces of the pile and hammer [MN]
Ir rigidity index [-]
K0 coefficient of at rest earth pressure [-]
L pile length [m]
mh ram weight [kg]

mp hammer weight [kg]
Nc, Nq bearing capacity factors [-]
qt tip resistance [Pa]
r inner radius [m]
R outer radius [m]
St sensitivity of clay [-]
su undrained shear strength [kPa]
t wall thickness [m]
v pile velocity [m/s]
v0 instantaneous velocity of pile and hammer [m/s]
ztip soil depth [m]
α adhesion factor [-]
γ soil unit weight [N/m3]
σv́0 vertical effective stress [Pa]
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where, σv́o 
is the effective overburden stress. For sand layers, fs is 

calculated using the effective stress β-method 

fs(z) = βsσʹ
v0 = K0 σʹ

v0tanδ (6) 

where, βs is a function of the coefficient of lateral earth pressure (K0) and 
soil-pile friction angle is given by δ. Soil buoyancy is considered in the 
governing equation provided by Eq (1) as follows 

Fb = (z+ hw)γwπDt (7) 

where, hw is the seawater depth; γw is the unit weight of water; and t is 
the pile thickness. The end-bearing pressure qtip(z) for clay layers is 
calculated by 

qtip(z) = Ncsu = 9su (8) 

While Nc is often assigned a value equal to 9, the bearing capacity factor 
can range from 6 sensitive normally consolidated clays to over 12 for 
overconsolidated clays. The end-bearing resistance Fbear is determined 
based on the area A of the pile shoe (defined by an annulus) 

Fbear = qtipA (9) 

2.1. Bearing capacity analysis based on soil stiffness

Using cavity expansion theory, Menard (1957) derived the limit 
pressure (pl) of cylindrical cavities in cohesive soils of the form 

pl = suNc + σh (10) 

where Nc = 1+ln(Ir), such that Ir is the ratio of the shear modulus G 
with respect to the undrained shear strength. In the case of pile bearing 
resistance as a result of cavity expansion theory, Vesic (1977) proposed 
an equation for the end-bearing resistance 

qtip = cNc + σʹ
mNσ (11) 

where, the mean stress σḿ at the base of the pile is given by 

σʹ
m =

1 + 2K0

3
qtip (12) 

Both Nc and Nσ are bearing capacity factors based on cohesion and 
stress. Based on Vesić’s theory, Nc in frictionless soil is given by 

Nc =
4
3
(lnIrr + 1)+

π
2
+1, (ϕ = 0) (13) 

where Irr is a reduced rigidity index defined as 

Irr =
Ir

1 + Irεp
v

(14) 

such that εp
v is the average volumetric strain within the plastic zone 

beneath the pile tip. In undrained conditions, the reduced rigidity index 
can be considered as equal to the rigidity index, which for typical clays 
ranges from 50 − 500. Nc varies from 6.97 to 12.19 for rigidity indices of 
10 to 500, respectively, as compared with a condition of Nc = 9 
commonly implemented when stiffness is not considered. This range is 
lower than obtained by rigorous numerical simulation, as noted by Lu 
et al. (2004), as is shown later.

2.2. Soil description

The mechanical properties of marine clays obtained from element 
tests are the focus of numerous studies for deepwater foundation design 
(Lunne & Andersen, 2007; Lunne et al., 2011; Wang et al., 2013). The 
soft marine clays considered in this research were selected based on 
their residual shear strength (70 kPa), which are summarised in Table 1. 
Specific details of the initial tests conducted are provided as a point of 
reference. At large strains, these soils exhibit comparable shear 
strengths, while displaying varying behaviour at smaller strains, as 

Table 1 
Numerical model input parameters (Tresca soil model).

Soil Elastic Modulus −
E30, E40, E50 (MPa)

Peak deviatoric 
stress (kPa)

Reference

Wenzhou clay 2.8, 3.5, 5.2 70 Wang et al. (2013)
Coode Island 

silt
36.8, 23.2, 16.0 70 Jamali et al. (2018a)

and Jamali et al. 
(2018b)

Shanghai clay 11.6, 9.8, 9 82 Hong et al. (2007), Ye 
and Ye (2016)

Champlain 
Sea clay

15.0, 14.6, 13.0 101 Liu et al. (2021)

Tiller clay 11.7, 12.8, 13.0 134 D’Ignazio and 
Länsivaara (2015)

Fig. 1. Comparative stress–strain curves and secant moduli, E50, for five soils considered.
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indicated by Fig. 1. In this case, the two normally consolidated fine- 
grained soils (Wenzhou and Coode Island Silt) and three lightly over
consolidated clays exhibit relatively low stiffnesses. The constitutive 
behaviour herein considers each soil as linear elastic perfectly plastic to 
isolate the effects of soil rigidity impacting pile displacement (and are 
thus solely based on the elastic modulus). Calculations are carried out 
assuming shear strength is irrespective of the strain path. As such, the 
extent of the plastic zone around the tip of piles in free-fall (and the 
neighbouring elastic zone) is a function of the given soil stiffness. Given 
each soil exhibits the same undrained shear strength, the sole parameter 
varying from soil to soil is E, the elastic modulus, thereby limiting 
changes in pile response purely to the stiffness of the soil. Based on this 
concept, whereby hardening and softening behaviour is not permissible, 
the Tresca criteria is suitable for the clays considered, with soil input 
parameters given in Table 1. The elastic modulus is given based on E30, 
E40 and E50, with Coode Island silt exhibiting significant variation in the 
stiffness, depending on the strain level considered. Fig. 2 indicates the 

range of secant stiffnesses for E50, (the stiffness mobilised when the 
shear stress is 50 % of the peak shear resistance), with dashed lines 
indicating the idealised linear elastic perfectly plastic soil model 
considered. It is evident that both Champlain Sea and Tiller clays show 
minor sensitivity, with post-peak softening. In the analyses presented 
herein, linear elastic perfectly plastic behaviour is considered using 
remoulded shear strengths, as has been accepted in the analytic pile 
running procedures described heretofore. As such, peak strengths are 
neglected, to confine the performance of each model primarily to stiff
ness effects. A uniform unit weight without depth dependencies was 
chosen based on a typical unit weight for marine clays (18 kN/m3), as 
informed by the given literature of the performed soil tests.

2.3. Large deformation model description

The CEL method has been widely implemented for offshore 
geotechnical applications involving large deformation, such as pile 

Fig. 2. Secant modulus reduction curves (E30 to E50 indicated).

Fig. 3. Soil-pile geometry and Eulerian-Lagrangian mesh (left) full domain (right) neighbourhood surrounding the pile.
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installation (Fan et al., 2021; Hamann et al., 2015; Staubach et al., 
2021). In this study, the method is applied using the commercial soft
ware Abaqus CAE (Dassault Systèmes, 2024). The process involves an 
Eulerian domain of fixed spatial nodes where materials (in this case 
soils) are allowed to flow through the mesh. This process circumvents 
solver convergence issues caused as a result of mesh distortion. Pile-soil 
interactions are controlled by a contact penalty algorithm, allowing 
Lagrangian objects (piles, in this study) to interact with Eulerian mate
rials. The geometry of the pipe pile under consideration is based on 
previously published CEL pile run cases (Tian & Cassidy, 2022; Zhao 
et al., 2023), described by an outside diameter D = 2.7 m, wall thickness 
t = 0.1 m, length L = 158 m and submerged weight W = 643.9 t. This 
particular pile system refers to the Liwan3-1 foundation piles, which is 
one of the largest in the world, at a total length of 158 m, with a total 
penetration target of 135 m (Sun et al., 2022; Sun et al., 2018). Based on 
the size of this particular case, pile running poses a significant risk due to 
the excessive self-weight of the system. A 15◦ wedge representing 1/24 
of the total soil-pile domain leverages the symmetry of the problem to 
reduce the computational requirements of the model (see Fig. 3). Both 
vertical and lateral axes were extended to a sufficient size to avoid 
boundary effects influencing the pile behaviour. Fine Eulerian elements 
were required in the region surrounding the pile tip and shaft to main
tain accuracy and limit Eulerian leakage through the Lagrangian 
domain, as is a feature of CEL models with coarse elements or sharp 
angular contact surfaces. An initial ‘void’ layer equal to two pile di
ameters in thickness located at the mudline accommodates any pile 
heave during the pile run, providing sufficient space for uplift at the top 

of the Eulerian domain.
At the start of the analysis, initial geostatic stresses are balanced with 

gravity, with the pile given full fixities. The pile is placed at the seabed 
level, and the vertical restraint is removed thereafter to allow downward 
movement. As previously indicated, simplifications to the soil consti
tutive behaviour are focused on highlighting stiffness-based impacts for 
pile running. Further to this concept, the Eulerian soil domain consid
ered herein consists of single-layered homogeneous clays, as opposed to 
those exhibiting depth-dependent behaviour. This is akin to typical 
“weightless soil” analyses where the shear strength is the primary 
contributing factor. For each given soil, a total stress Tresca criterion is 
used to model the clays of this study, with a Poisson’s ratio ν of 0.49, to 
assume near-constant volume conditions emulating undrained behav
iour. As per Mayne and Kulhawy (1982), the ratio between horizontal 
and vertical effective stress at rest (K0) for lightly overconsolidated is 
assumed to be 0.9. An initial in-situ stage was implemented prior to the 
pile-running stage, based on the specified K0 value. Thereafter, the sole 
model change in the pile running stage constituted the release of the pile 
vertical fixity, thereby permitting the pile to run under self-weight. As 
CEL does not permit displacement boundary conditions for the soil 
domain, soil flow is prevented by zero velocity boundary conditions to 
the sides of the model in the normal direction. At the base, zero velocity 
conditions were applied in all directions.

A pile running stage, simulating of 5 s of the pile running process was 
deemed sufficient in all cases to allow the pile to come to rest. Both nodal 
vertical displacements and velocities of the pile tip were extracted to 
assess the pile run. Similarly, plastic equivalent strains, Eulerian Volume 

Fig. 4. Model geometry and layering (a) soil stratigraphy (b) mesh distribution surrounding the pile shaft (c) half-cylinder geometry.
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Fractions (denoting the fraction of each element containing soil, as 
opposed to the pile), stress components and velocities were extracted for 
the soil domain at 200 regular time intervals across the pile run stage. In 
modelling the pile penetration behaviour, a general contact algorithm 
defined the interaction between Eulerian and Lagrangian domains. In
teractions between the soil and the internal and external shaft surfaces, 
as well as the pile tip. The hard contact between the pile and the soil was 
set in the normal direction, based on a friction factor of 1/St of 0.5, as is 
commonly used (Xu et al., 2024). The pile domain is considered a rigid 
body in order to keep the computational costs low, with pile deforma
tion beyond the scope of the present study. Undrained behaviour is 
assumed based on the sudden rapid, short-term loading rates of piles at 
velocities which are in some cases exceeding 10 m per second, combined 
with the low permeability of clay, such that pore pressures do not have 
sufficient time to dissipate. Finnie and Randolph (1994) presented a 
dimensionless velocity parameter V = vd/ch, describing the drainage 
state of the soil, where v is the velocity of the object, d is the foundation 
diameter, and ch is the coefficient of consolidation. Based on their 
findings, V > 10 constitutes undrained behaviour. Hence it is evident 
that for soils under loading due to pile running requires particularly a 
particularly large coefficient of consolidation to produce drained 
behaviour.

In the case of uncontrolled penetration of pipe piles in clay, the shaft- 
soil contact interface formulation is a primary factor in accurately 
defining the shaft resistance. CEL implements a Coulomb frictional 
model to calculate friction, as such, the maximum shear strength τmax 
can be used to describe the soil-pile shear behaviour. Based on Equation 
(4), τmax is defined based on the undrained shear strength of the soil (70 
kPa) and the friction ratio α, i.e. the inverse of the soil sensitivity 1/St , 
representing a fully remoulded state surrounding the pile during pile 
running which can be considered as a lower bound. An upper bound of 
α = 1 (as required in Equation (4) provides an estimation of the soil-pile 
interface along the shaft with no degradation of skin friction. However, 
due to the negligible sensitivity of the clayey soils under consideration, 
the bounds on α provide minimal effect. An α value equal to unity is used 
for normally consolidated clays, with the lightly over consolidated clays 
considered in this work implement a slightly smaller, although compa
rable, value. Individual contact sets for the tip, internal and external 
shaft surfaces were defined to separate the contributions each compo
nent provides to the total resistance force. The ratio of internal to 
external skin friction β is given by 0.5 (as required in Equation (3), in 
alignment with Dover and Davidson (2007).

2.4. Model validation based on analytic formulation

In validating the CEL pile running model, the aforementioned ana
lytic procedure was used based on the instrumented monitoring during 
the pile case in the South China Sea, outlined in both Sun et al. (2018)
and Zhao et al. (2023). This constitutes a reproduction of the CEL model 
by Zhao et al. (2023), with equivalent results as is to be expected, given 
the use of the same model parameters, whose layering and model ge
ometry are presented in Fig. 4. While the stratigraphy and soil param
eters are provided in Table 2, all further model properties are consistent 
with the single layered clay model, Zhao et al. (2023). To provide a 

suitable comparison, further model inputs are required for the analytical 
procedure (Table 3). A comparison of pile velocities with depth for both 
models are given in Fig. 5, providing strong agreement, albeit with 
slightly higher peak velocities observed in the analytical code (at depths 
of 16 and 22 m), with a shift in the depths where these values occur.

2.5. Contribution of elastic modulus in pile run analyses

Based on a uniform clay, pile penetration behaviour was considered 
for soils from Table 3 with varying stiffness, in addition to supplemen
tary clays exhibiting higher stiffnesses (E = 1000&2000su), the results 
of which are compared with the analytical solution given by Sun et al. 
(2022). Further validation is provided in terms of an identical CEL 
model of the case study described in (Zhao et al., 2023) (also conducted 

Table 2 
Soil parameters in design − Source: (Sun et al., 2018).

Layer
Stratum Depth [m] Unit weight [kN/m3] Undrained shear strength [kPa] Sensitivity [-] Internal friction angle [◦] Interface friction angle [◦]

1 Sand 0.0 – 3.0 17.9 − − 25.0 16.7
2 Clay 3.0 – 11.1 18.3 27.5 4.0 − −

3 Sand 11.1 – 14.0 18.6 − − 34.0 20.0
4 Clay 14.0 – 18.0 18.6 50 4.0 − −

5 Sand 18.0 – 20.0 18.1 − − 33.0 20.0
6 Clay 20.0 – 25.0 18.5 50 4.0 − −

7 Sand 25.0 – 30.3 19.1 − − 30.0 20.0

Table 3 
Analytical model inputs.

Property Value

Ram weight [kg] 163,600
Pile weight [kg] 643,900
Coefficient of restitution [steel] 0.5
Ratio of internal to external skin friction [-] 0.5
Pile outer diameter [-] 2.743
Wall thickness [-] 0.1
Pile length [m] 158

Fig. 5. Comparison of analytical and numerical models for an observed pile 
running case in the South China Sea.
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using CEL), with the exact results obtained due to the common model
ling approach. Normalised penetration profiles with time are given in 
Fig. 6, providing strong agreement with the analytical solution. When 
the pile driving force outweighs the resistive forces applied by the soil 
during the acceleration phase (t < 1.8s), penetration is relatively uni
form for various soil stiffnesses. However, increases in the soil rigidity 

prolong the pile descent and the period taken to come to rest. While this 
may seem counterintuitive, the role of stiffness on the size and shape of 
the plastic zone surrounding the pile is well known, as described herein. 
A final penetration depth of approximately 6–––8 pile diameters is noted 
across the region of elastic moduli considered, where the pile run re
mains unaffected by the choice of E30 – E50, as is the case in Fig. 6(b) 

Fig. 6. Normalised pile penetration depth (a) penetration behaviour for various soils (b) penetration behaviour for Champlain Sea clay, E30 – E50.

Fig. 7. Normalised pile velocity with depth.
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which indicates the penetration profile for Champlain Sea clay. Coode 
Island Silt provides the exception due to a reasonable reduction in the 
secant modulus with shear strain.

The velocity of piles in uniform clay produces a parabolic arc when 
descent commences from the mudline (Fig. 7), as the majority of the soil 
resistance is derived from shaft resistance, and the shaft area is contact 
with the soil increases linearly with depth, this results in a second-order 
velocity profile. In the case of Wenzhou, Tiller and Shanghai clays, 
negligible differences in pile velocities and, therefore total pile 
displacement are noted, these being the softest of the clays considered. 
The total penetration depth as a function of soil rigidity is given in Fig. 8
over the typical range of soil rigidity (G = 50 – 500), with the analytical 
solution congruent with Ir = 133. Additional data points are provided to 

reinforce the trend at high stiffnesses. When assessing the end tip 
resistance of driven piles with conventional bearing capacity theory, a 
bearing capacity factor in clay of Nc = 9 is commonly used, constituting 
a soil rigidity index of Ir = 45.6, or, in this case, an elastic modulus of 
9.6 MPa, as derived from Equation (13). The bearing pressure with 
respect to depth is used to determine Nc, which does not stabilise until 
greater than 6 pile diameters of penetration (Fig. 9). As expected from 
conventional bearing capacity theory, the end-bearing resistance in
creases with stiffness, while the differences between expected Nc factors 
derived from Equation (13) are attributed to the depth required for the 
bearing capacity factor to achieve a steady state. This is echoed by Teh 
and Houlsby (1991), who noted that shallow penetration approaches are 
often inappropriate for deep bearing capacity theory. This is attributed 

Fig. 8. Final penetration depth as a function of soil rigidity index.

Increasing stiffness

(a)

(b)

Fig. 9. Bearing capacity factor Nc with depth (a) penetration resistance for various soils (b) for Wenzhou clay, E30 – E50.

A.P. Dyson et al.                                                                                                                                                                                                                                



Computers and Geotechnics 183 (2025) 107185

9

to the transition from shallow to deep failure mechanisms that are 
confined to the region surrounding the penetrating object. Fig. 10 shows 
the difference between bearing capacity factors at a stable depth, which 
achieve parity at Ir = 530.

2.6. Contribution of shaft resistance

Similar to the end tip resistance, the total shaft resistance with depth 
is presented Fig. 11. With the shaft resistance providing the primary 
resistive force, the resistance is given as a ratio of the total driving force. 
As such, the trends observed in Figs. 6 and 7 are attributed to the 
decrease in shaft friction with respect to stiffness, whose contribution 
coincides with the commencement of the pile deceleration phase. A 
strong negative, linear trend can be seen between the total shaft resis
tance (combined internal and external surfaces) as the pile comes to rest 

and the logarithm of the soil rigidity index Fig. 12. As per the contact 
definition, the ratio of internal and external skin friction is given 
(β = 0.5). As with the end tip bearing capacity factor, the ratio of the two 
components stabilises, in this case after two pile diameters of penetra
tion, before which, the internal shaft friction is of similar scale to the 
external analogue (Fig. 13). The individual force contributions to the 
pile system (Fig. 14) indicate the external shaft resistance as a dominant 
factor, while the end tip resistance provides minimal contribution, as 
expected in clayey soils. When the sum of the resistive components 
outweighs the driving forces (as per the left-hand side of Equation (1), 
the pile decelerates until it comes to rest.

2.7. Dissipation of pile kinetic energy

The governing factors impacting the shaft resistance with respect to 

Fig. 10. Comparison of bearing capacity factor Nc from LDFE simulation with respect to Vesić (1972).

Fig. 11. Normalised shaft resistance for (a) various soils (b) Coode Island Silt, E30 – E50.
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elastic stiffness are best described as a function of the energy of pile-soil 
system. These are classified as elastic and inelastic strain energy, fric
tional dissipation and kinetic energy. Due to the compression and shear 
of the soil during the pile run, the pile kinetic energy is converted to 
elastic and inelastic strain energy as a function of the elastic modulus. 
Inelastic strains are associated with irreversible plastic deformation as a 
result of the pile run. Several choice soils are selected from Table 1 as 
further explanation of the evolution of the energy balance within the 
soil-pile system. As with Fig. 15(a), a reduced amount of kinetic energy 
is transferred to elastic strain energy as the elastic modulus increases. 
Due to the large-strain behaviour of the pile run, energy is primarily 

transferred to plastic (inelastic) strain and friction, as shown in Fig. 15
(b)-(c). An increase in the plastic strain is a result of the increased plastic 
bulb surrounding the pile tip. While the stiffness of Champlain Sea clay 
and Coode Island Silt are dissimilar, the plastic and frictional dissipation 
is proportionate, as further highlighted by the comparative penetration 
behaviour (Fig. 8). As such, reduced plastic dissipation of Shanghai clay 
and a clay exhibiting an elastic modulus E = 125su produces a shortened 
pile run. The overall kinetic energy of the system can be seen in Fig. 15
(d).

Fig. 12. Normalised total shaft resistance with respect to soil rigidity.

Fig. 13. Ratio of internal to external shaft resistance as a function of pile penetration.
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2.8. Heave due to penetration

As the pile is driven, the soil enters the open end of the pile. 
Depending on the driving conditions and soil type, this soil may either 
flow out or form a soil plug. During the run, the penetration of the pile 
displaces surrounding soil, leading to upward movement of soil both 
internal and external to the pile. Cohesive soils such as clays are more 
prone to heave due to their plasticity and low internal resistance, as is 
also the case for large diameter piles. If the driving force is primarily 
transmitted to the pile tip (end-bearing), the soil inside the pile expe
riences greater resistance, contributing to heave, as is the case within the 
initial stages of the pile fall during the acceleration stage (as per Fig. 14). 
Thereafter, the pile decelerates with minimal impact on additional 
heave. As a result of the penetration process, varying degrees of soil 
heave at the ground surface within (and external to) the pipe pile occur, 
due to the near incompressible behaviour of the saturated, insensitive 
clays presented. Fig. 16 presents several typical snapshots of the vertical 
heave during the pile penetration process (with the model domain 
mirrored about the axis of symmetry for the purposes of visualisation). 
At first, vertical displacement of the soil is limited to the direct region 
surrounding the pile-soil contact surface. As the pile continues to 
accelerate, a partially plugged region within the pile is observed, 
exhibiting some arching, as is common for piles in fine grained soils 
(Jardine et al., 2005). As the pile continues to descend, further heave can 
be observed within the pile, however at a diminished rate. The degree to 
which heave at the mudline occurs is dependent on the rigidity index of 
the soil, with heave above 1 m within the pile column observed as the 
stiffness of the soil increases. Increased levels of heave are present for 
stiffer clays due to the increased penetration displacing additional soil 
both internal to and surrounding the pile. Equations (11) and (13)
highlight the impact of rigidity index on the end bearing resistance of 

the pile, as the controlling factor in heave as shown in Fig. 17, with the 
logarithm of the rigidity index producing linear increases to Nc values. 
As such, greater stiffness produces increased heave internal to the pile.

No discernible heave is evident at lateral distances greater than 1 pile 
diameter from the shaft, external to the pile. Fig. 18 provides an indi
cation of the increased stress bulb with additional stiffness (t = 0.3s), 
whose vertical dimension is seen to expand, in addition to minor lateral 
extensions. Prior to the commencement of pile running, a geostatic 
loading stage produces in-situ stresses based on the K0 procedure. 
Thereafter, during loading, stresses applied to the soil by the pile 
running process form a combination of axial, radial and shear stresses. 
As pile penetration occurs, lateral soil movement compresses the soil 
surrounding the pile, with significant increases to radial stresses sur
rounding the shaft. Similarly, shear stresses develop throughout the pile 
running process due to the friction and adhesion of the interface be
tween the pile shaft and the surrounding clay. Shear stresses surround
ing the pile result in plastic deformations, as given by the stress bulbs in 
Fig. 18. These bulbs increase in size with increasing stiffness, extending 
downwards from the base of the pile. Stiffer soils transfer loads more 
directly downward because they resist lateral deformation and tend to 
distribute stress in a more concentrated manner. The base of the shaft is 
primarily affected by axial forces parallel, compressing the soil beneath 
the pile tip while also controlling the upward flow of soil within the pile.

3. Implications for analytic method

Based on the strong linear relationship between shaft resistance and 
the logarithm of soil rigidity, the aforementioned analytic method is 
adjusted to provide greater accuracy. Modifications are limited to the 
shaft resistance, with no changes to the end tip resistance, due to the 
penetration depth required for the bearing capacity factor Nc to reach a 

Fig. 14. Forces applied to the pipe pile during penetration.
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Fig. 15. Energy components (a) elastic dissipation (b) plastic dissipation (c) frictional dissipation (d) kinetic energy.

A.P. Dyson et al.                                                                                                                                                                                                                                



Computers and Geotechnics 183 (2025) 107185

13

steady state. As per ISO standards, the shaft resistance given in Equation 
(4) can be combined with the fitted trend given in Fig. 8 to create an 
updated α factor as follows 

α =
Gpile

su
(2.11 − 0.092lnIr) (15) 

Fig. 16. Typical mudline heave profile during pile penetration.

Fig. 17. Heave as a result of varying soil rigidity.
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such that α contains a weight force term and a stiffness term. The 
applicability of this equation is considered for further simulations with 
additional values of su (100 and 120 kPa). Fig. 19 shows the pile 
displacement and velocity profiles for these undrained shear strengths 

(Wenzhou E50) from CEL simulation. In the case of su = 120kPa (an in
crease of 70 % su compared to the base-model of 70 kPa), the penetration 
depth is reduced by almost half. The performance of the modified ana
lytic code for various elastic moduli is compared with the LDFE 

Fig. 18. Increasing stress bulb with additional stiffness (t = 0.3s).

Fig. 19. LDFE penetration behaviour for various su (a) normalised depth (b) normalised velocity.
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simulated pile run in terms of both the penetration depth and velocity. 
Fig. 20 shows the penetration ratio (LDFE / analytic) for Tiller clay, 
showing strong agreement. The penetration behaviour of the two 
methods differs by a maximum of 8 % for high stiffnesses, where the 
greatest penetration depths are observed. While stronger agreement is 
noted for 120 kPa clay than for the 100 kPa case, this is attributed to the 
reduced variation in penetration depths as the strength of the soil 
increases.

4. Conclusions

This paper presents a comparative study of five well-investigated 
fine-grained soils, whereby the uncontrolled pile penetration behav
iour of a large diameter long pipe pile is considered using large defor
mation numerical simulation. Due to the varying stiffnesses of each clay, 
pile penetration depths were assessed based on a simplified linear elastic 
perfectly plastic criterion. As a result, an analytic procedure is modified 
to incorporate stiffness effects for determining penetration depths and 
velocities. Several conclusions can be drawn as follows. 

(1) Over a typical range of the soil rigidity index, piles are capable of 
varying in final penetration depths in the order of two pile di
ameters due to the varying soil stiffness.

(2) Considering the end bearing capacity of piles using CEL, the 
steady state bearing capacity factor Nc requires several pile di
ameters to reach a steady state. As such, the use of Vesic’s 
stiffness-dependent bearing capacity factors do not provide 
strong agreement with those derived from large deformation 
simulation.

(3) With increasing stiffness, a reduction in shaft resistance is 
observed due to the dissipation of elastic and inelastic energy, in 
addition to frictional dissipation. This results in a larger stress 
bulb surrounding the pile tip. A linear trend between the pene
tration depth and the natural logarithm of rigidity index is noted.

(4) Due to increased penetration depths of piles with increased 
elastic modulus, greater heave at the mudline is observed due to 
additional soil being displaced.

(5) Based on LDFE results, a modified analytic procedure is capable 
of accommodating stiffness effects to pile velocities and pene
tration depths with strong agreement. While limitations remain 
in terms of the capability of the analytic method to assess soil 

flow, uplift and size of the plastic bulb, the technique provides an 
update to existing methods for greater accuracy.
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