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Research paper 

Penetration of unconventional spudcan foundations using back analyses of 
large deformation CPT profiles 
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A B S T R A C T   

Accurate determination of the load-penetration behaviour of spudcan footings is vital in predicting the perfor-
mance of offshore structures. Often, insufficient site investigation data is a limiting factor in assessing spudcan 
penetration, with the selection of suitable parameters typically derived from triaxial tests or Cone Penetrometer 
Test (CPT) data. A method is presented for simulating spudcan insertion in loose to medium-dense sand, based on 
minimal data, whereby the CPT tip resistance is used in combination with known correlations of soil properties, 
allowing for back analysis of CPT profiles through Large Deformation Finite Element (LDFE) simulation. The use 
of LDFE allows for failure mechanisms to be determined a priori, as a result of the simulation process, while a 
range of constitutive models can be implemented as necessary. Friction angle, dilation angle and relative density 
correlations are combined with a calibration of the elastic modulus, used to develop numerical models based on a 
set of soil sub-layers, each 1 m in depth. The resulting soil characterisations were used to calculate the load- 
penetration behaviour of several spudcan geometries (which deviate from conventional spudcan shapes) using 
the LDFE, to assess their performance. Results generated using the proposed technique show strong agreement 
with a presented field observations.   

1. Introduction 

The installation of offshore jack-up foundations typically requires the 
penetration of footings known as spudcans, through a process in which 
the structure is lowered until contact is made with the seabed, with 
further jacking resulting in penetration of the spudcan into the soil. 
Jack-up platform footings penetrate the soil until the foundation resis-
tance is equal to the self-weight of the platform and the preload supplied 
in the form of ballast. Guidelines for determining the bearing capacity of 
spudcans in sands, such as SNAME (2002) and ISO (2012), are derived 
based on conventional bearing capacity formulae for shallow circular 
flat footings, with empirical correlation factors applied to account for 
the differences between traditional footings and spudcan geometries. 
These methods are prone to inaccuracies when selecting an appropriate 
angle of shearing resistance, further to limitations in conventional 
bearing capacity theory concerning dilatancy and compaction (Edwards 
et al., 2013). 

Accurate predictions of load-penetration curves play a vital role in 
determining associated attributes, including stiffness, sliding resistance 
and even spudcan scour, impacting the stability and ongoing structural 

reliability (Bienen et al., 2011). Overy (2012) noted that SNAME may 
overpredict spudcan penetration depths in loose sandy soils, recom-
mending the use of laboratory tests in determining appropriate friction 
angles. In the case of both SNAME and ISO guidelines, factors including 
relative density, stress level and compressibility are noted to impact the 
operative friction angle. However, despite this, they are not explicitly 
accounted for in either guideline (Osborne et al., 2009). When advanced 
laboratory test results are unavailable (as is commonly the case with 
offshore jack-up installation), to determine the operative friction angle 
at the suitable stress level, tabulated values are recommended as part of 
both SNAME and API (Mangiavacchi et al., 2005). However, their 
applicability may be questionable for various geometries that do not 
closely mirror conical footings. Although spudcans are commonly cir-
cular in plan view (with a conical underside at angles ranging from 15 to 
30◦ and a sharp spigot), a wide range of shapes and sizes are applicable 
depending on the manufacturer and the use of jack-up rig. Fig. 1 exhibits 
various spudcan footing geometries and sizes given by Randolph and 
Gourvenec (2017). As the calculation of the ultimate spudcan vertical 
bearing capacity is dependent on factors including the spudcan geom-
etry, soil characterisations and drainage conditions, particular care is 
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required for spudcan designs deviating from the conventional conical 
shape. 

In-situ Cone Penetrometer Test (CPT) relationships can infer a range 
of soil parameters and are widely used for ground investigation in both 
onshore and offshore environments. CPTs are capable of evaluating soil 
properties through the measurement of the shaft (fs) and cone end tip 
resistance (qc). Published in the late 1970s, Schmertmann (1978) pre-
sented a method for predicting the settlement of shallow foundations on 
sand using CPT. Lunne et al. (2002) developed a set of charts providing 
relationships between friction angles (by way of relative density) and 
CPT results. More recently, Large Deformation Finite Element (LDFE) 
analyses have been used to investigate the continuous penetration 
response of spudcan foundations, cone penetration tests and pile in-
sertions (Hossain and Randolph, 2010). These methods require no as-
sumptions regarding the failure mechanisms and are capable of 

representing appropriate soil behaviour, given the selection of a suitable 
constitutive soil model. In a contemporary setting, various LDFE 
methods exist for offshore geotechnical assessment of spudcan pene-
tration, including (but not limited to) the Arbitrary Lagrangian Eulerian 
method (ALE) (Nazem et al., 2009; Tho et al., 2012; Tolooiyan and 
Gavin, 2011; Tolooiyan et al., 2023), the Remeshing for Interpolation 
Technique with Small Strain (RITSS) (Tian et al., 2014; Zhang et al., 
2023) and the Material Point Method (MPM) (Ceccato et al., 2016; 
Martinelli and Galavi, 2021). 

The Coupled Eulerian Lagrangian (CEL) method has been imple-
mented to study offshore problems ranging from the behaviour of 
offshore pipelines (Dutta et al., 2012) to submarine landslides (Chen 
et al., 2020) and has been widely used in modelling both CPT (Gupta 
et al., 2016; Hamann et al., 2015; Zhang and Yi, 2018) and spudcan 
installation (Hu et al., 2014, 2015; Jun et al., 2018). Applications of CEL 
for spudcan penetration in sand over clay have been considered by Qiu 
and Grabe (2012) and Henke and Qiu (2010) with the hypoplastic 
constitutive model. The method overcomes mesh distortion by the use of 
both Lagrangian and Eulerian formulations whereby the material is 
tracked through the Eulerian mesh through the computation of the 
Eulerian Volume Fraction (EVF). Lagrangian elements pass through the 
Eulerian domain until they encounter Eulerian elements with a non-zero 
EVF. 

This paper proposes a method using LDFE simulation with CEL in 
combination with several well-known, accepted soil correlations, to 
back-calculate CPT profiles based on limited data in an effort to deter-
mine appropriate soil parameters from CPT qc profiles. The method 
provides a mechanism for simulating spudcan penetration for a range of 
shapes and sizes, the results of which strongly agree with observed 
spudcan bearing capacities. The performance of three distinct spudcan 
footings are presented along with their corresponding in-situ field test 
results for a case study involving sandy soils in the North Sea. 

2. Site conditions and proposed method 

A case history is selected based on a southern North Sea site 
(designated Site A), as presented by Overy (2012), with the deposit 
consisting of a loose to medium dense sand overlying dense to very 
dense sands. As part of the site investigations, continuous CPT profiles 
and laboratory tests (in the form of consolidated drained triaxial tests 
and multistage direct shear tests) were performed. CPT profiles for the 
top 20 m, performed in 3-m test intervals are given in Fig. 2, with the 
CPT point resistance (qc) extracted at equal spacings of 1-m for analyses 
performed herein. As a result of laboratory particle size distribution tests 
performed in the upper sands, the majority of tested materials are 
considered to be within a narrow band comprising fine sands. A sub-
merged unit weight (γ′) of 9 kN/m3 was observed in the upper stands, 
with a unit weight of 10 kN/m3 associated with the underlying sands 
located at a 14-m below seafloor (bsf). As part of eight consolidated 
drained triaxial tests and ten shear box tests, a constant volume friction 
angle (φcv) of 32.6◦ was obtained with a standard deviation of 2.3◦. An 
additional twenty particle size distribution tests were performed on the 
upper sand layers, with D50 ranging from 0.8 to 0.11 mm. In the 

Fig. 1. Various spudcan footing dimensions and geometries (Randolph and Gourvenec, 2017).  

Fig. 2. CPT qc profiles for Site A, after (Overy, 2012).  
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simulation of spudcan penetration, the soil stiffness is back-calculated 
through simulation of CPT profiles. To simulate this behaviour, large 
deformation simulation is considered using the Coupled Eulerian 
Lagrangian method. Although the aforementioned soil parameters are 
necessary for the simulation of CPT and spudcan penetration using CEL, 
additional parameters are required to assess their load-penetration 
behaviour. The following procedure presents a method to further char-
acterise the properties of these sands with limited site and laboratory 
data. Based on a series of derived relationships, back-analyses of CPT 
profiles are performed. With the salient soil properties of the necessary 
sand layers obtained, the penetration of various spudcan geometries can 
be considered. 

Fig. 3 outlines the procedure to obtain all necessary soil parameters, 
thereby allowing CEL simulation of CPT and spudcan penetration to be 
performed. A detailed description of the assumed relationships is pro-
vided herein. 

The soil domain is discretised into 20 sub-domains, each 1 m in 
depth. The soil properties associated with the midpoint of each sub- 
domain i.e., at the half-metre mark are assigned to the sub-domain of 
the numerical models to be presented in later sections. The CPT qc 
profiles as given in Fig. 2 are extracted at 1-m increments, and the 
effective vertical stress (σ′

v) is calculated based on the product of the unit 
weight and depth. Estimates of K0 for sands have been the consideration 
of many studies, as summarised by Mayne and Kulhawy (1982), 
whereby 171 different soils were considered. For loosely deposited 
sands at rest, Jaly (1944) produced an analytic formulation of the co-
efficient for lateral earth pressure at rest (K0), noting a decrease from 
unity, with a sinusoidal trend based on the effective stress friction angle 
(φ’):  

K0 = 1 – sin φ’                                                                               (1) 

K0 is determined based on the constant volume friction angle and is used 

to determine the horizontal stress (σh) for each sublayer. The relative 
density DR as a function of cone resistance and vertical stress is given by 
Equation (2), determined by regression analyses conducted on a 
comprehensive set of tests performed on normally consolidated sands 
(Jamiolkowski et al., 1985; Lancellotta, 1983). 

DR = − 98 + 66 log10
qc
̅̅̅̅̅

σ′
v

√ (2) 

The peak friction angle is calculated by way of correlations measured 
from drained triaxial compression tests performed by Robertson and 
Campanella (1983), as per Equation (3) and further detailed in Fig. 4, 
where blue markings indicate the friction angle for Site A for mono-
tonically increasing vertical effective stress values with depth. The 
relationship provides reasonably accurate estimates of peak friction 
angles for normally consolidated, uncemented sands. In cases where 
highly compressible sands are present, conservative results may be 
achieved. As an alternative, Bolton (1987) presented a procedure to 
consider the friction angle and dilatancy of sands through the relative 
dilatancy index IRD: 

IRD =DR

(

Q − ln
100
pa

p′
)

− 1 (3)  

where p′ is the mean normal stress; pa is the atmospheric pressure, and Q 
is a minerology-dependent parameter, as shown in Table 1. The differ-
ence between the peak friction angle and the critical state is determined 
based on the relative dilatancy index is determined by Equations (4) and 
(5) for triaxial and plane strain conditions, respectively (Robertson and 
Campanella, 1983). Two methods are presented for determining the 
dilatancy of loose to medium-dense sands, namely Bolton’s “saw blade” 
relationship between the peak friction angle (φ′

peak), critical state friction 

angle (φ′
cs) and dilation angle (ψ) (Bolton, 1987), as shown in Equation 

Fig. 3. Methodology describing the calculation of necessary soil parameters and the CEL simulation procedure.  
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(6). Alternatively, Rowe’s method (1971) is given by Equation (7). For 
the given data at Site A, Fig. 5 presents the depth-based friction, dilation 
angles and relative densities, using the Robertson and Campanella 
(1983), and Bolton (1987) relationships, the Rowe (1971) and Bolton 
(1987) relationships, and Campanella and Howie (2005) relationships 
respectively. As per the relative densities derived by Equation (2), the 
depth-based variations can be classified as ranging from loose to 
medium-dense sands. As is the case with the CPT profile presented in 
Fig. 2, the change in materials at approximately the 14m bsf where a 
thin dense sand lens is evident. From direct shear tests performed on a 
variety of materials, Durgunoglu and Mitchell (1973) recommended that 
an interface friction angle twice the sand peak angle of effective internal 

friction be used. Accordingly, the sand-steel interface friction coefficient 
(μss) between the soil and CPT cone/shaft or the spudcan is given as a 
simple function of the peak friction angle (Equation (8)), varying from 
0.31 to 0.41 with depth (Fig. 6). 

φ′
peak − φ′

cs = 3IRD (4)  

φ′
peak − φ′

cs = 5IRD (5)  

φ′
peak =φ′

cs + 0.8ψ (6)  

sin ψ =
sin φ′

peak − sin φ′
cs

1 − sin φ′
peak sin φ′

cs
(7)  

μss = tan
φ′

2
(8) 

Schmertmann (1970) suggested the relationship between elastic 
modulus and cone tip resistance 

Es = 2qc (9)  

for normally consolidated (predominantly quartz) sands, with an 
updated version Schmertmann (1978) of 

Es = 2.5qc (10) 

for equi-dimensional footings. Additional relationships between Es 

and qc are given by Holtz (1991) suggest ratios ranging from 1.5 to 4, 
however, Huang et al. (2004) who noted that empirical calculations tend 
to underestimate the role of the elastic modulus on CPT results, with 
respect to simulations performed using Finite Elements. The elastic 
modulus of each soil layer is a necessary input parameter for virtually all 
FE soil constitutive models, including the linear elastic perfectly plastic 
case detailed in this study (by way of the Drucker-Prager constitutive 
model). For this reason, back analyses are conducted to fulfill the 
necessary condition of parameters for elastic moduli with respect to 
depth. With the relevant input parameters obtained through a range of 
relationships heretofore given, back-analyses are performed by 
comparing simulated qc profiles with known CPT site investigation data 
by way of modifying the elastic modulus until agreement is reached. 

3. Back-analysis of elastic modulus with CEL cone penetration 
tests 

Similar to the CPT field tests performed at Site A, a series of CPT 
simulations were conducted over 3-m depth intervals, resulting in a total 
of 7 individual CPT models. As discussed in Section 2.1, soil clusters 
were divided into 3 sub-layers, each 1-m thick, with the overburden 
stress and soil elastic modulus varied to match the results of CPT tests 
with observed field measurements. Exploiting the geometric symmetries 
of CPT simulation, axisymmetric models consisting of a 45-degree soil 
section (1.5 m in radius) and CPT wedge (18 mm in radius) were created 
for each 3-m sub-domain. Fig. 7 shows the CEL model geometry. While 
penetration of the cone tip was modelled, the shaft was deemed an 
unnecessary component of the model setup. The steel cone constituted a 
Lagrangian domain, using 200 10-node quadratic tetrahedral (C3D10M) 
elements, while the Eulerian soil domain employed 42,757 8-node 
Eulerian brick reduced integration (EC3D8R) elements. In-situ hori-
zontal stresses were determined using the K0 procedure (K0 = 0.46) as 
described in Equation (1). 

To model the constitutive behaviour of the soil domain, the non- 
associative Drucker-Prager (DP) model was implemented. The yield 
surface (Fig. 8) is considered in the p – t plane with the failure and flow 
potential described by Equations (9) and (10), respectively: 

F = t − p tan β − d = 0 (9) 

Fig. 4. Relationship between cone penetration resistance, vertical effective 
stress and peak friction angle for uncemented quartz sands (Robertson and 
Campanella, 1983). 

Table 1 
Mineralogy for various sands, adapted from Jamiolkowski et al. (2003).  

Sand Mineralogy Q φcs 

Ticino Siliceous 10.8 34.6 
Toyoura Quartz 9.8 32.0 
Hokksund Siliceous 9.2 34.0 
Mol Quartz 10.0 31.6 
Ottawa Quartz; Fines 0% 9.8 30 

Quartz; Fines 5% 10.9 32.3 
Quartz; Fines 10% 10.8 32.9 
Quartz; Fines 15% 10.0 33.1 
Quartz; Fines 20% 9.9 33.5 

Antwerpian Quartz & Glauconite 7.8–8.3 31.5 
Kenya Calcareous 9.5 40.2 
Quiou Calcareous 7.5 41.7  
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Fig. 5. Peak friction, dilation angles and relative densities with depth for the Site A case study.  
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G= t − p tan ζ (10)  

where, β and d and ζ are the DP friction angle, cohesion and dilation 
angle, respectively. Equations 18 and 19 provide the triaxial conditions 
for the mean stress p and deviation stress t. 

t= σ1 − σ3 (11)  

p=
1
3
(σ1 + 2σ3) (12) 

Matching the Mohr-Coulomb failure criteria, β and d are obtained by 
Equations (13) and (14) (Chen and Saleeb, 2013). 

tan β=
6 sin φ

3 − sin φ
(13)  

d = c
6 sin φ

3 − sin φ
(14) 

As part of a two-stage analysis, simulation of an in-situ stage was 

Fig. 6. Steel-sand interface friction varying with depth.  

Fig. 7. CPT axisymmetric 3-m sub-domain (45◦).  

Fig. 8. Drucker Prager yield surface and flow direction in the p – t plane 
(Dassault Systèmes, 2022). 

Fig. 9. CPT simulation mesh and stress profile.  
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performed prior to CPT penetration. During penetration, the cone was 
pushed into the sand vertically at a displacement rate of 20 mm/s, as per 
ASTM D 5778 (2012), with the reaction force obtained at 0.1 s intervals, 
for a total of 150 s (i.e. 3-metre penetration) with force-displacement 
data also extracted. Thereafter, a sensitivity analysis was performed to 
ensure that the results remained unaffected by the selected penetration 
speed. Lagrangian contact of the cone with the Eulerian domain was 
considered through a tangential contact definition, with a penalty 
formulation applied based on the sand-steel interface friction, as a 
function of the peak sand friction angle. As the DP constitutive model 
considers a constant elastic stiffness E, the soil was discretised into sub- 
layer sections, each with a different elastic modulus, allowing for a back- 
analysis of CPT penetration. Fig. 9 provides the mesh distribution sur-
rounding the cone tip on insertion and the stress distribution shortly 
thereafter. Comparison of the comparison of qc profiles from field tests 
and CEL simulations is given in Fig. 10, with strong agreement observed, 
suitable for modelling multi-layered sandy deposits. Schmertmann 
(1978) considered the relationship between Es and qc, recommending 
that Es = 2qc should be used for normally consolidated sands, while 
Holtz (1991) suggested Es/qc values of between 1.5 and 4. Combining 
each 3-m CPT model used to bank-analyse the elastic modulus of soil 
sub-layers, Fig. 11 provides the secant stiffness for the generated soil 
profile over the full 20-m domain, ranging from 1.25 to 2.35. Several key 
features of CEL-based models are necessary to ensure the validity of 
simulation results. One common feature of LDFE CEL cases whose mesh 
is not sufficiently fine is the leakage of Eulerian materials through 
contact surfaces and into the Lagrangian domain. As such, it is necessary 
to confirm that a suitably robust mesh is implemented to prohibit 
leakage. Eulerian penetration is most common near sharp edges and 
corners of Lagrangian contact surfaces. Penetration is commonly 

Fig. 10. Comparison of CPT qc profile for CEL and field test results.  

Fig. 11. Estimated secant stiffness profile from CEL CPT simulation.  

Fig. 12. CEL simulation mesh sensitivity for CPT penetration at 18–21 
m depths. 
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minimised by refining the Eulerian mesh surrounding this zone (in this 
case, surrounding the CPT cone) or by filleting the Lagrangian domain to 
ensure that sharp edges not induce leakage. Conversely, the use of fine 
elements can significantly impact the Stable Time Increment of explicit 
solvers, as is the case with CEL. In weighing up these two factors, a 
suitably fine mesh is necessary to inhibit leakage but also yield results in 
a computationally efficient manner. Fig. 12 presents the qc profile for 
various element sizes (side lengths in metres) at depths of 18–21 m. It is 
evident that convergence is obtained for the smallest two element sizes 
considered, while significant noise is noted for larger elements, which 
can be attributed to Eulerian leakage. A similar mesh sensitivity study is 
performed for all models herein, with the appropriate converged mesh 
results presented for brevity. 

4. Spudcan penetration 

Based on observations given by Overy (2012), recorded leg penetra-
tions for each spudcan type at full leg preload were 3, 3.5–3.8, and 8 m for 
MLT 116-C, BREIT D-211 and Transocean 4, respectively. In the same 
study, four additional sites were considered, each with similar site con-
ditions. These four additional locations (sites D – E) exhibited a very soft 
clay layer, separating the sand layers. Following CPT simulation, three 
different spudcan large deformation CEL models were created. Spudcan 
geometries for the MLT 116-C, BREIT D-221 and Transocean 4, in addi-
tion to model geometries and meshed parts are given in Figs. 13–15, 
respectively. In the case of MLT 116-C and Transocean 4, geometric 
symmetries allow for the use of a 45-degree wedge, rather than the full 

360-degree geometry. Conversely, BREIT D-221 is unsuitable for 
axisymmetric analysis, instead requiring a full three-dimensional model 
setup. As a comparison of the requisite element distributions, the MLT, 
BREIT and Transocean models is given in Table 2. In the case of the BREIT 
and Transocean spudcan geometries, a significantly fine mesh was 
required to avoid penetration of Eulerian elements into the Lagrangian 
domain, as can be the case with coarsely meshed structures, or geometries 
involving considerable complexities with respect to the resolution of the 
Eulerian domain. Fig. 16 provides CEL model geometries for each of the 3 
relevant soil domains. Although the Transocean 4 spudcan is significantly 
smaller than the two remaining spudcans, a fine mesh is required due to 
the complexity associated with the curvature of the geometry, involving a 
hollow section at the base of the spudcan. In the absence of penetration 
rate data for each of the spudcan cases, simulations for spudcan pene-
tration were performed at a slightly higher penetration rate of 35 mm/s 
for the purpose of reducing simulation time costs. In each case, an asso-
ciated 20 mm/s test case was performed to assure consistency with slower 
penetration rates. The soil sub-layers used in the aforementioned CPT 
simulations, in addition to their relevant soil parameters are preserved for 
each of the three spudcan models under consideration. Stress profiles at 
the commencement of penetration are given for each model, as shown in 
Fig. 17, while a comparison between simulated CEL load-penetration 
curves and field data given by Overy (2012) for each of the three rig 
geometries under consideration is detailed in Fig. 18. Considerable vari-
ation in the bearing capacities of the rigs is evident due to the shapes and 
sizes of each spudcan, in addition to the resultant stress distributions. The 
consistency of field test results compared with back-analysed CPT models 

Fig. 13. MLT 116-C spudcan geometry.  
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Fig. 14. Transocean 4 spudcan geometry and mesh distribution.  
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used to develop and calibrate spudcan penetration models, highlights the 
practicality of the proposed method when combined with a procedure for 
assuming relevant soil properties in the presence of sparsely available 
geotechnical data. 

5. Discussion and conclusion 

The Coupled Eulerian Lagrangian method is a popular numerical 
technique for simulating the penetration of foundation structures into 
the seabed. In the case of the assessment of spudcan bearing capacities, 
often limited geotechnical test data are available, both from field and 
laboratory tests. As a result, significant risks to offshore foundations, 
such as punch through failure can be reliant on minimal or inaccurate 

observation data. A mechanism for back-analysing the behaviour of CPT 
field tests is presented, leveraging a procedure for obtaining the neces-
sary soil characteristics for large deformation CEL simulation which 
allows for a variety of spudcan geometries to be assessed based without 
prior assumptions regarding failure mechanisms, as opposed to con-
ventional standards such as SNAME and API, which are based on con-
ventional bearing capacity theory for traditional spudcan geometries. 
The method is based on several well-known correlations of the relative 
density, peak friction angle and dilation friction angle of loose to 
medium-density sands. Back-analysis of soil stiffness parameters for thin 
sub-layers allows for soil characterisations suitable for CEL simulation of 
spudcan geometries. Through the use of a case study of a North Sea site, 
CEL spudcan load-penetration profiles are compared with field test data, 
providing strong agreement. While spudcan penetration is considered in 
where minimal field test data is presented, the method purposefully 
leverages CPT data to ensure that relevant numerical parameters are 
considered, with derived load penetration curves are consistent with the 
predictive method given by Overy (2012). As such, the method 
combining soil correlations and large deformation CPT back-analysis 
provides a convenient method for accurately determining the bearing 
capacity of spudcans involving unconventional geometries. 

Fig. 15. BREIT D-221 spudcan geometry and mesh distribution.  

Table 2 
Spudcan model details.  

Spudcan Lagrangian Elements Total Elements Model type 

MLT 116-C 586 21600 45-degree wedge 
BREIT D-221 25389 267520 45-degree wedge 
Transocean 4 11784 218376 360-degree geometry  
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Fig. 16. Soil geometries for CEL spudcan models and mesh distribution.  
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