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 A B S T R A C T

Structure–soil-interaction in fine-grained soils is strongly influenced by rate dependency, anisotropy, and 
overconsolidation effects. While advanced constitutive models such as Anisotropic Visco-Intergranular Strain 
Anisotropy (AVISA) can capture the fine-grained soil effects, the model application is typically limited to 
small strain problems due to numerical challenges. This study presents the first successful implementation 
of the AVISA model within explicit simulations in Abaqus, enabling robust modelling of large deformation 
problems in fine-grained soils. Two previously underexplored applications are investigated: (i) the stability 
assessment of a Liebherr LTR 1220 telescopic crawler crane during dynamic uppercarriage rotation under 
varying overconsolidation ratios (OCR), and (ii) the penetration process of an open-ended tubular pile in 
anisotropic, overconsolidated clay, focusing on penetration resistance and the evolution of stress and void 
ratio. Both problems are simulated using the Lagrangian FEM and the Coupled Eulerian–Lagrangian (CEL) 
approach and are qualitatively compared to available field data. The results demonstrate the capability of 
the AVISA model to address complex large deformation geotechnical problems realistically. The proposed 
approach provides new insights and practical tools for modelling structure–soil-interaction in situations where 
conventional methods often fail.
1. Introduction

While accurate modelling of large displacements and dynamic ef-
fects is essential in geotechnical engineering, conventional small strain 
finite element methods (FEM) are prone to excessive mesh distortion 
and loss of accuracy under extreme deformation.

Traditionally, many constitutive models for clays have been de-
veloped under the assumption of isotropy, where the mechanical be-
haviour is considered uniform in all directions. These models, such 
as the Modified Cam Clay model (Roscoe and Burland, 1968) and its 
variants (Zouain et al., 2010; Zhou et al., 2022; Mita et al., 2004), 
have been widely used because of their relative simplicity and ability 
to capture the essential features of clay behaviour under various stress 
paths (Fourie and Potts, 1991; Zdravković et al., 2020; Miranda et al., 
2020; Tafili et al., 2024c).

However, natural clays often exhibit inherent anisotropy, stemming 
from their depositional history, sedimentation, and subsequent geolog-
ical processes. This inherent anisotropy affects stiffness (Graham and 
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Houlsby, 1983; Wichtmann and Triantafyllidis, 2018), strength (Gyl-
land et al., 2014; Tafili et al., 2023a), and deformation characteris-
tics (Rødvand et al., 2023; Tafili et al., 2021b), leading to directional 
dependence of mechanical response even before any loading is ap-
plied (Andersen et al., 1993; Tafili and Triantafyllidis, 2023; Tafili 
et al., 2021a; Tafili, 2025; Tafili et al., 2024a). Ignoring this anisotropy 
can lead to significant inaccuracies, particularly in cases involving 
complex stress states or large deformations (Tafili and Triantafyllidis, 
2019).

To address this, more advanced constitutive models have been de-
veloped that specifically incorporate inherent anisotropy, e.g. Dafalias 
et al. (2006), Liu et al. (2013), Dejaloud and Rezania (2021), He et al. 
(2023), Mašín and Rott (2014), Mašín (2014), Tafili and Triantafyllidis 
(2020b), Tafili et al. (2022a). These models allow for a more realistic 
prediction of clay behaviour, especially in problems where directional 
effects play a critical role, such as slope stability, excavation-induced 
deformations, and the response of offshore foundations. A summary of 
various constitutive model approaches is presented in Fig.  1. Continued 
refinement of these models, supported by experimental validation and 
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Fig. 1. Classification of constitutive models including AVISA for continuum analysis of geomaterials, according to Carter (2024).
Fig. 2. Comparison of triaxial element test 𝑝-𝑞 results using the implicit and explicit 
formulations of AVISA for Frankfurt clay.

numerical implementation, remains a key area of research in geotechni-
cal engineering. The Anisotropic Visco-Intergranular Strain Anisotropy 
(AVISA) model (Tafili and Triantafyllidis, 2020a) incorporates inher-
ent anisotropy through the introduction of a transversal hypoelastic 
stiffness tensor. The AVISA model has been applied in various studies 
for advanced numerical simulations and reliable prediction of soil 
behaviour (Duque et al., 2022). Applications include the back-analysis 
of piled raft performance (Tafili et al., 2023b), evaluation of lateral 
loading on monopile foundations, and back-calculation of centrifuge 
test results (Tafili and Triantafyllidis, 2020a; Tafili et al., 2024c). 
Furthermore, the model has been coupled with the High-Cycle Accu-
mulation model (Staubach et al., 2022) to predict lateral displacements 
over thousands of loading cycles. These applications highlight the ca-
pability of the AVISA model to simulate a wide range of soil responses, 
from monotonic to cyclic loading and from rate-dependent to rate-
independent material behaviour of cohesive soils, while consistently 
accounting for both inherent and induced anisotropy.

Although some existing constitutive models incorporate these influ-
ences at small strain levels, large deformation finite element (LDFE) 
analyses often rely on a simplified assumption of isotropic soil stiffness. 
While there are LDFE modelling applications that focus on fine-grained 
soil modelling (Li et al., 2023; Dao et al., 2023; Staubach et al., 2023; 
Wiesenthal and Henke, 2024; Wang and Bienen, 2016; Hossain et al., 
2 
Fig. 3. Comparison of triaxial element test pore pressure results using the implicit and 
explicit formulations of AVISA for Frankfurt clay.

2015), the consideration of OCR and anisotropy is either indirect or not 
addressed. While both the AVISA model and explicit time integration 
schemes with Lagrangian FEM and the CEL approach are established in-
dividually, their combination has not been explored previously. Due to 
convergence challenges typically associated with advanced soil models, 
such integration for large deformation analysis is technically difficult. 
This work presents the first successful implementation of a hypoplas-
tic model for fine-grained soils that incorporates stiffness anisotropy, 
overconsolidation influence, rate dependency, and critical state be-
haviour in explicit numerical methods, including dynamic and Coupled 
Eulerian–Lagrangian (CEL) analyses involving large deformations. In 
the absence of relevant experimental data, the aim of this study is to 
verify whether the model can reproduce key mechanical trends under 
realistic soil conditions involving large deformations, rather than to 
replicate specific field measurements.

2. Anisotropic visco-intergranular strain anisotropy (AVISA) model

The AVISA model by Tafili and Triantafyllidis (2020a) presents 
a visco-hypoplastic model coupled with the Anisotropic Intergranular 
Strain Anisotropy (ISA). ISA was originally introduced by Fuentes and 
Triantafyllidis (2015) for sand and further coupled with various con-
stitutive models to improve their abilities upon cyclic loading (Fuentes 



D.A. Dao et al.

i 

Computers and Geotechnics 188 (2025) 107537 
et al., 2018, 2021; Tafili et al., 2022b; Medicus et al., 2023; Lascarro 
et al., 2024) as well as modified to meet the specific requirements of 
fine-grained soils in Tafili and Triantafyllidis (2020a).

2.1. Model formulation

The mechanical model formulation adopts the hypoplastic frame-
work, incorporating the total strain rate 𝜺̇, hypoplastic strain rate 𝜺̇hp, 
and viscous (time-dependent) strain rate 𝜺̇vis. The stress rate tensor 𝝈̇
is expressed as: 
𝝈̇ = 𝑚𝖤 ∶

(

𝜺̇ − 𝑦h𝜺̇hp − 𝜺̇vis
)

(1)

with a transversal hypoelastic stiffness tensor as a function of stress 
and void ratio, 𝖤 = 𝑓 (𝝈, 𝑒). The transversal isotropic elastic stiffness is 
approximated following Graham and Houlsby (1983), with the Young’s 
modulus in vertical direction 𝐸 = 𝐸v, the shear modulus in vertical 
direction 𝐺v, the Poisson’s ratio in horizontal direction 𝜈 = 𝜈h and the 
scalar parameter 𝛼 as the anisotropy coefficient. The latter one gov-
erns the relationship between the horizontal and the vertical stiffness 
components as follows: 

𝐺h
𝐺v

=
(

𝐸h
𝐸v

)
1
2
=
𝑣h
𝑣vh

= 𝛼 (2)

This relation reflects the assumption that shear stiffness scales with 
the geometric mean of the directional Young’s moduli, as shear defor-
mation involves both vertical and horizontal directions.

In Eq.  (1), 𝑚 and 𝑦h are scalar functions that consider the influence 
of intergranular strain by increasing the elastic stiffness tensor and 
decreasing the hypoplastic strain rate, 𝜺̇hp, upon cyclic loading. The 
evolution equation of the hypoplastic strain rate, 𝜺̇hp, is as follows: 
𝜺̇hp = 𝑌 ‖𝜺̇‖𝐦 (3)

The degree of nonlinearity, denoted as 𝑌 , is a function of both the stress 
state and the void ratio, expressed as 𝑌 = 𝑓 (𝑒,𝝈). In contrast, the flow 
rule, represented by 𝐦, depends solely on the stress state and is given 
by 𝐦 = 𝑓 (𝝈). Hereby, the following three additional parameters are 
introduced: the reference void ratio, 𝑒i0, the slope of the critical state 
line in the deviatoric stress vs. mean effective stress plane (𝑝′ − 𝑞) in 
triaxial compression, 𝑀c, and the constant defining the initial slope of 
the loading surface, 𝑓b0.

The viscous strain rate, 𝜺̇vis, employs the viscosity index, 𝐼v, as a 
model parameter, without introducing a singularity in the model when 
𝐼v approaches zero, as follows: 

𝜺̇vis = 𝐼v 𝜆
1
𝑡0

( 1
OCR

)1∕𝐼v
𝐦 (4)

The introduction of the multiplier 𝐼v 𝜆 ensures the suitability of the 
model for both viscous (rate-dependant, 𝐼v ≠ 0) and non-viscous (rate-
independant, 𝐼v = 0) fine-grained soils. For 𝐼v = 0, the product 𝐼v ⋅ 𝜆
vanishes, and the viscous term in Eq.  (4) is defined to be zero, allowing 
the model to reproduce purely rate-independent plastic behaviour and 
reach the critical state through the hypoplastic strain rate formulation, 
see Eq.  (3). 𝜆 is the compression index of fine-grained soils to be 
calibrated based on the normal compression line. The overconsolidation 
ratio OCR accounts for the stress tensor as well as the void ratio. The 
reference time 𝑡0 can be set to 1 sec, depending on the time units used 
for calibrating 𝐼v and those applied in the current simulation.

To improve the performance of hypoplastic models under cyclic 
and small strain loading conditions, the intergranular strain (IGS) con-
cept was introduced by Niemunis and Herle (1997). The elastoplastic 
reformulation, ISA, defines a yield and bounding surface in the IGS 
space, which govern the onset and full mobilisation of intergranular 
strains. These mechanisms enable a smooth transition from reversible 
to irreversible behaviour and capture stiffness degradation, ratcheting, 
and strain accumulation effects under cyclic loading. A summary of all 
model parameters and initial state variables is provided in Section 2.2.
3 
The original AVISA model, like most advanced soil models, has been 
formulated in small to medium strain kinematics. In this study, it is 
embedded within a numerical framework (CEL and explicit Lagrangian 
FEM) that accounts for large displacements and rotations. This allows 
for the simulation of large deformation boundary value problems, while 
the constitutive response is evaluated in the co-rotational reference 
frame under the small to medium strain assumption.

2.2. Constitutive model parameters

The current version of the AVISA model includes 15 parameters, 
listed in Table  1. These parameters are grouped according to their 
function within the constitutive formulation: 

• parameters defining the transversely isotropic hypoelastic stiff-
ness,

• parameters controlling small strain stiffness and the influence of 
intergranular strain,

• parameters related to the critical state and bounding surfaces, and
• viscosity-related parameters.
A detailed summary of the parameter determination and an approx-

imate range of them as well as details on the initialisation of the state 
variables are presented in Tafili and Triantafyllidis (2020a), Tafili et al. 
(2023b). In summary, the AVISA model requires the initialisation of the 
void ratio and the intergranular as well as back-intergranular strain 
tensor. In all subsequent simulations, the intergranular strain tensor 
is initialised in a fully mobilised state in the isotropic direction as 
𝐡 = 𝑅∕

√

3𝟏, while the back intergranular strain tensor is set to 𝐜 = 𝐡∕2.
The soil in the following simulations is modelled as Frankfurt clay, 

with material properties listed in Table  2 and model parameters cali-
brated by Tafili et al. (2023b), as presented in Table  1.

2.3. Implementation of the AVISA model in explicit analyses

Previous applications of the AVISA model, originally programmed 
as user material subroutine (UMAT), were limited to small to moderate 
strain FE analyses using an implicit solution scheme in Abaqus/Stan-
dard (Tafili et al., 2024c,b), numgeo (Tafili et al., 2024c), Tochnog (Tafil
et al., 2023b) and Plaxis (Rafai et al., 2025).

However, processes such as anchor dragging (Dao and Grabe, 2022; 
Dao and Dicke, 2022), suction pile penetration (Stapelfeldt et al., 
2020), or pile penetration (Dao et al., 2024, 2025; Tafili et al., 2025) 
involve large deformations, which are better addressed using an explicit 
integration scheme in Abaqus/Explicit. When performing large defor-
mation analyses, Vectorised User Material subroutines (VUMAT), which 
differ from a UMAT, are required.

Unlike a UMAT, which updates data incrementally at each integra-
tion point and requires the material Jacobian matrix, a VUMAT pro-
cesses all integration points in a batch and does not need the Jacobian. 
It also handles stress and strain storage differently, using for three-
dimensional elements the stress component order (𝜎11, 𝜎22, 𝜎33, 𝜎12,
𝜎23, 𝜎13) rather than the UMAT convention (𝜎11, 𝜎22, 𝜎33, 𝜎12, 𝜎13, 𝜎23) 
and tensorial shear strain components (𝜀12 = 0.5 𝛾12) rather than 
engineering shear strains (in UMAT: 𝛾12 = 2 𝜀12) (Dassault Systèmes, 
2025b,a).

To adapt AVISA for dynamic, large deformation scenarios in
ABAQUS/Explicit, the original AVISA implementation was extended by 
integrating the VUMAT interface developed by Bienen et al. (2014). 
In contrast to UMAT (used in ABAQUS/Standard), VUMAT requires 
several specific modifications: as mentioned shear strains must be 
provided in engineering form (e.g., 𝛾12 = 2𝜀12), stress updates must 
follow an explicit time integration scheme, and internal variables 
must be explicitly managed. These aspects were incorporated into the 
AVISA code. The adopted interface handles the transformation between 
tensorial and engineering shear components, assigns all necessary 
history variables, and restructures the stress update to match VUMAT 
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Table 1
AVISA parameters of Frankfurt clay by Tafili et al. (2023b).
 Parameter Symbol Frankfurt clay Determination method  
 Transversal (hypo)elasticity:  
 Compression index 𝜆 0.116 Triaxial, oedometer test  
 Swelling index 𝜅 0.031 Oedometer test  
 Poisson’s ratio 𝜈h 0.23 Trixial test (different cutting directions)  
 Anisotropic coefficient 𝛼 1.5 Triaxial test (different cutting directions)  
 Critical and loading surface:  
 Critical state slope 𝑀c 0.898 Undrained triaxial test  
 Max. void ratio at 𝑝ref = 1 kPa 𝑒i0 1.48 Oedometer test  
 Loading surface factor 𝑓b0 1.4 Triaxial test on overconsolidated sample  
 Viscosity:  
 Viscosity index 𝐼v 0.030 Oedometer test (different deformation rates)  
 Viscosity exponent 𝑛OCR 0.4 Oedometer/triaxial test (different deformation rates) 
 Intergranular strain anisotropy (ISA):  
 Stiffness factor 𝑚R 2.5 Resonant column test/Calibration  
 ISA yield surface radius 𝑅 1.8 × 10−4 Resonant column test/Calibration  
 ISA hardening parameter 𝛽0 0.1 Cyclic triaxial test  
 Min. ISA exponent 𝜒0 5 Cyclic triaxial test  
 Max. ISA exponent 𝜒max 60 Cyclic triaxial test  
 Accumulation rate factor 𝐶a 0.001 Cyclic triaxial test  
Table 2
Characteristics of Frankfurt clay.
 Parameter Value Unit Description  
 𝑤L 0.75 – liquid limit  
 𝑤P 0.28 – plastic limit  
 𝛾s 13.5 kN/m3 dry unit weight 
 𝛾 18.5 kN/m3 unit weight  

Table 3
Parameters of the upper soil layers (Moormann et al., 2018).
 Soil type 𝛾 𝜑 𝐸s  
 (kN/m3) (◦) (MN/m2) 
 Sub-base material 20.4 42.5 180  
 Rhine sand 18.6 32.5 75  
 Fine sand 17.7 32.5 70  

conventions. These additions extend the original AVISA framework and 
ensure compatibility with explicit dynamic simulations. The robustness 
of the interface has been validated in multiple benchmark studies by Bi-
enen et al. (2014), and it enables consistent material behaviour across 
both UMAT and VUMAT implementations. Particular implementation 
challenges include numerical stability at large deformations, proper 
stress update in the Eulerian mesh, and consistent handling of internal 
variables. The successful use of AVISA in this context demonstrates 
the model applicability beyond small strain problems and opens new 
opportunities for realistic large strain geotechnical simulations.

Figs.  2 and 3 present a representative triaxial test, evaluated as an 
element test using the constitutive model applied in the subsequent 
simulations. The model was implemented both in Abaqus/Standard, 
via the previously developed implicit routine, and in Abaqus/Explicit, 
using the newly implemented routine designed for dynamic and LDFE 
analyses. To quantify the agreement between the two implementations, 
a root mean square error (RMSE) was calculated and normalised by 
the mean of the corresponding curves. With an nRMSE of 1%, the 
comparison confirms excellent consistency, demonstrating that the new 
explicit routine reliably reproduces the simulations conducted with 
Abaqus/Standard in this study, as well as with Tochnog and the Incre-
mental Driver, available open access at: Tafili (2024), reported in Tafili 
et al. (2023b).
4 
3. Numerical methods

In continuum mechanics, motion can be described using different 
formulations, which influence how FE methods are applied in geotech-
nical simulations. The Lagrangian formulation represents motion as a 
function of material coordinates and time, while the Eulerian formula-
tion expresses it in terms of spatial coordinates and time. The choice 
of formulation is particularly relevant for simulations involving large 
deformations and dynamic processes.

3.1. Lagrangian formulation

In the Lagrangian approach, each node of a FE mesh moves together 
with the material as it deforms. This allows for precise tracking of 
material surfaces. However, as the material deforms, the mesh deforms 
as well, which can lead to element distortion and numerical difficulties. 
Because each element remains associated with the same material, there 
is no mixing of different materials within an element. The Lagrangian 
formulation is the basis of the classical FEM.

3.2. Eulerian formulation

The Eulerian approach, in contrast, keeps the spatial mesh fixed 
while materials move through it. This formulation is suitable for large 
deformations since the mesh does not change shape. However, this 
means that elements may contain multiple materials or even be empty, 
leading to numerical diffusion effects. Additionally, precise surface 
tracking is not possible in a purely Eulerian formulation. The Eulerian 
Volume Fraction (EVF) is used here, which indicates the percentage by 
which an element of the FE mesh is filled with material. Consequently, 
the elements are not necessarily completely filled with material. Fig.  4 
shows both formulations in comparison.

3.3. Coupled Eulerian-Lagrangian (CEL) method

The CEL method combines both formulations, see Fig.  5, making it 
well-suited for problems involving large deformations and interactions 
between moving materials and structures (Noh, 1963). In CEL simula-
tions, Lagrangian elements move freely through an Eulerian mesh until 
contact occurs, at which point the Eulerian–Lagrangian contact for-
mulation governs their interaction. Unlike traditional contact methods, 
this approach does not require predefined contact conditions; instead, 
contact is detected as the simulation progresses.
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Fig. 4. Lagrangian and Eulerian formulation.

Fig. 5. 2D example of a pile penetration process applying CEL.

CEL simulations involve two phases. During the Lagrangian phase, 
material motion is tracked by associating Eulerian nodes with the 
material and updating mesh deformation at each time step. In the 
transport phase, material flow through the mesh is remapped to handle 
large deformations while preserving force accuracy. A sufficiently small 
time step is required to avoid mesh distortion.

The CEL method integrates both Lagrangian and Eulerian elements, 
as presented by Noh (1963) and Benson (1992), considering the contact 
between them. While the pile is represented using Lagrangian elements, 
the strongly deforming soil is modelled using Eulerian elements. The 
effectiveness and reliability of this approach in geotechnical engineer-
ing is demonstrated in the works by Grabe and Dao (2024), Dao et al. 
(2023) and Bienen et al. (2021), among others. The numerical analyses 
are based on the commercial software package Abaqus, within which 
the CEL method is implemented using an explicit central difference 
time integration method, see Dassault Systèmes (2016).

3.4. Explicit time integration

The CEL method requires a numerical scheme suitable for dynamic 
problems, particularly when dealing with large deformations. Explicit 
time integration is commonly used in such cases because it allows 
for efficient handling of contact interactions and material flow. This 
method calculates the solution step-by-step using values from previous 
time increments, avoiding the need for iterative solvers (Bathe, 2006). 
5 
However, explicit time integration is computationally expensive due 
to the requirement for small time steps to ensure numerical stability, 
especially in three-dimensional simulations. By integrating explicit time 
integration with the CEL method, it becomes possible to simulate 
dynamic processes and large deformation problems in geotechnical 
engineering.

4. Stability of a crane under dynamic turning

Construction machinery is inherently prone to overturning due to 
its high centre of gravity. Overturning incidents regularly lead to 
economic losses amounting to millions of dollars and result in injuries 
or fatalities, in some cases affecting more than one hundred people 
per accident (Kargar et al., 2022; Ross et al., 2007). A critical factor 
contributing to overturning is the failure of the ground beneath the 
crawler tracks. Existing standards that define the permissible opera-
tional conditions of construction machinery on working platforms rely 
on simplified models that calculate stress distribution using purely 
static analyses, assuming a rigid and stable platform (Construction 
Plant-hire Association, 2014; BS EN 16228-1, 2021).

The European standard BS EN 16228-1 (2021) defines the stability 
of construction machinery as the ratio between the bearable load and 
actual load, ensuring that the equipment neither oversinks nor tips 
over. This standard assumes a trapezoidal or triangular stress distribu-
tion beneath the crawler tracks, depending on the loading conditions, 
while neglecting potential subsoil failure. This simplification, known as 
the stress trapezoid method, reduces all forces acting on the machine 
to a resultant point load. Williams Riquer et al. (2022) extended 
these assumptions by incorporating potential soil failure mechanisms 
into a multibody dynamical model. Furthermore, field tests by Moor-
mann et al. (2018) and Keller and Arvidsson (2016) demonstrated 
nonlinear stress distributions beneath machinery tracks. Insufficient 
subsoil-bearing capacity is a critical factor that can significantly impair 
a machine’s stability (Urbański and Richter, 2021). Due to poor ground 
conditions or a shift in the centre of mass into a critical range, acci-
dents tend to occur (Edwards and Holt, 2010). Possible ground failure 
mechanisms include general shear failure, slope failure, and excessive 
settlements, which can induce tilting and compromise the machine’s 
stability. Nonlinear soil behaviour and structure–soil-interaction are 
critical for assessing the safety of construction machinery operating on 
soft soils. In this study, these effects are captured by applying the AVISA 
model within an explicit dynamic simulation, using a purely Lagrangian 
motion formulation to represent the uppercarriage rotation of a crane 
in Abaqus/Explicit. The numerical analysis is focused on computing the 
ground pressure distribution beneath the crawler tracks as well as the 
tilting and rolling behaviour of the construction machine under varying 
overconsolidation ratios OCR.

4.1. Existing field tests

The calculated ground pressure distribution is compared to field 
tests conducted by Moormann et al. (2018). The tests were performed 
at a LIEBHERR-owned test site using the telescopic crawler crane LTR 
1220, shown in Fig.  6. The LTR 1220 has a maximum lifting capacity 
of 220 t, with a self-weight of 92.5 t without ballast and 182.5 t with 
counterweights. The crawler tracks measure 9.13 m in length and 1.0 m 
in width. Prior to testing, an initial excavation of 0.5 m depth was 
carried out over an area of 3.0 m ×  14.0 m to install earth pressure 
cells, see Fig.  7.

4.2. FE model of the crane

The construction machine model was created as a dynamic multi-
body model to simulate movements and interactions of the intercon-
nected, geometrically simplified, ideally rigid bodies. The inclination of 
the crane arm was estimated at 25 ◦ and kept constant throughout the 
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Table 4
Data of jacked open-ended tubular piles in fine-grained soils.
 Source Pile outer diameter Pile wall thickness Clay Data  
 𝐷 (m) 𝑡 (m) consistency type  
 Wang et al. (2021) 0.40 0.095 Plastic Field tests  
 Wang et al. (2022), Song et al. (2022) 0.14 0.030 Soft Laboratory tests 
 Wiesenthal and Henke (2024) 0.50 0.040 Stiff Simulation  
 Bai et al. (2024) 0.60 0.110 Soft Simulation  
Fig. 6. Geometries of crane model.

Fig. 7. Position of sensors with measurements in m (Moormann et al., 2018).

simulation. The hook load consists of a cuboidal block with a weight of 
32 t, suspended 1m above the ground and coupled by a link connector 
to the crane arm. The soil friction coefficient was estimated at 0.667, 
based on the interaction between the track plate material (polyamide) 
and the underlying gravel. Fig.  8 shows the discretised soil domain with 
its boundary conditions. It consists of cuboidal elements of type C3D8R 
with an edge length of approximately 0.1m. A finer mesh was created 
directly under the crane to ensure a higher accuracy of the subsoil 
reactions. A coarser mesh resolution was used as less soil reaction is 
expected in the outer area. The outer element edge lengths were set to 
1m. The soil model length and width are six times the outer dimensions 
of the crane to prevent wave reflections at the model boundaries. The 
soil model consists of five successive layers. The simulation used Mohr–
Coulomb plasticity for the coarse-grained soil layers with constitutive 
parameters listed in Table  3 and AVISA for the clay layer modelled as 
Frankfurt clay.
6 
The simulations were conducted in three distinct steps. In the first 
step, the boundary conditions for all model components are applied, 
including the initialisation of the in-situ 𝐾0 stress state in the soil. The 
motion of the lateral boundaries and the bottom surface is restricted 
in the normal direction throughout the entire simulation. The second 
step involves the initialisation of gravity, see Fig.  9. In the third step, 
the rotation of the uppercarriage is initiated with a slewing angle of 
𝜙 = 45 ◦. The rotation occurs over 7.5 s, corresponding to a rotation 
speed of one revolution per minute. In total, the model consists of 
673,640 elements and required 122.78 h of computation time using 
12 cores to simulate a full 45 ◦ rotation.

4.3. Results and discussion

Figs.  10 and 11 present the side and front view of the crane model 
and the computed stress distribution as well as the vertical displace-
ment fields from the FE simulations during tilting and rolling of the 
crane, respectively. To assess the validity of the numerical approach, 
Fig.  12 compares the calculated stress distribution beneath the crawler 
tracks with field measurements reported by Moormann et al. (2018) as 
well as with analytical estimates following BS EN 16228-1 (2021). The 
good agreement between the numerical results and field measurements 
highlights the plausibility and robustness of the simulation approach.

Fig.  13 illustrates the tilting and rolling of the crane at the onset of 
uppercarriage slewing. The tilt 𝜓1 was determined based on the vertical 
displacements measured at point 𝐴 (denoted as 𝑢𝑧,𝐴) and 𝐵 (denoted as 
𝑢𝑧,𝐵), using the following relationship: 

𝜓1 = arctan
(

|𝑢𝑧,𝐴 − 𝑢𝑧,𝐵|
𝐿1

)

(5)

and the roll 𝜓2 was calculated with the vertical displacements at point 
𝐴 and 𝐶 (denoted as 𝑢𝑧,𝐴) with 

𝜓2 = arctan
(

|𝑢𝑧,𝐶 − 𝑢𝑧,𝐴|
𝐿2

)

(6)

with 𝐿1 = 7.844m and 𝐿2 = 7.250m. The crane continuously 
tilts forward, causing the rear section of the crawler track to lose 
ground contact. After reaching its maximum, the forward tilt angle 
𝜓1 gradually decreases as the slewing angle increases. In contrast, the 
crane rolls steadily to the side, resulting in a continuous increase of the 
roll angle 𝜓2 (see Fig.  10 right), until it reaches its maximum at the end 
of the uppercarriage rotation process.

In a further study, AVISA was used to determine the critical over-
consolidation ratio (OCR) of the subsoil beneath a construction ma-
chine required to allow a 𝜙complete = 45 ◦ rotation of the uppercarriage 
(𝜙max ≥ 𝜙complete). In a series of simulations, the OCR of the fine-grained 
layer was systematically varied, see Fig.  14. An OCR of 1 corresponds 
to normally consolidated (relatively soft) soil, while higher OCR values 
(> 1) represent overconsolidated, stiffer conditions. When rotating 
the uppercarriage by 𝜙, OCR values of 2, 4, and 6 did not prevent 
excessive tilting of the tower crane, indicating insufficient stability. 
Nonetheless, overall system stability increases sharply with OCR. The 
tested OCR values of 8, 10, and 12 provided sufficient stability for a 
full uppercarriage rotation of 45 ◦. Based on the results, the minimum 
required OCR is estimated to lie between 6 and 8. The exponential fit, 
see Eq.  (7), supports this assumption and indicates that an OCR of 6.302 
is sufficient to ensure stability for the specified 𝜙complete = 45 ◦ rotation. 

𝜙 = 0.31 𝑒0.79OCR, (7)
max
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Fig. 8. Crane model assembly.
Fig. 9. Initial stress state before and after gravity initialisation.
Fig. 10. Side view of crane model during tilting and front view during rolling of the crane and vertical stress distribution beneath the tracks.
The simulations demonstrate that the consideration of nonlinear soil 
properties and structure–soil-interaction effects is crucial for accurate 
modelling of construction machinery on soft soils. Moreover, The sim-
plified parametric study illustrates how ground improvement measures, 
such as compaction or surcharge loading to increase the OCR, may 
enhance crane stability in practice.
7 
5. Pile penetration

This section presents explicit LDFE analyses of pile penetration in 
overconsolidated, anisotropic fine-grained soil using the CEL method 
in Abaqus/Explicit. Large soil deformations during pile installation 
and direction-dependent strength characteristics need a CEL-based 
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Fig. 11. Side and front view of the displacement field beneath the track of the crane during rolling.
Fig. 12. Comparison to field tests.

Fig. 13. Tilt and roll during uppercarriage rotation.

anisotropic constitutive framework under overconsolidated conditions 
which is accounted for by AVISA. The following simulations model the 
vertical penetration of a pile into the soil. The numerical model aims 
to capture the essential structure–soil-interaction mechanisms.
8 
Fig. 14. Crane stability dependent on OCR.

5.1. CEL model

Fig.  15 presents the 3D CEL model which includes one quarter of 
the rigid pile and the soil body. The pile is positioned 0.05 m above the 
homogenous soil at the beginning of the simulation. To accommodate 
potential soil heave, an initially empty volume (light grey) above the 
soil (turquoise) is included. Lagrangian elements discretise the pile and 
Eulerian elements discretise the soil and void. A refined mesh is applied 
in the vicinity of the pile to capture the wall thickness realistically, 
while the element size increases progressively away from the pile to 
reduce dynamic wave reflections at the boundaries. The surrounding 
soil is modelled as Frankfurt clay using the AVISA constitutive model 
with the parameters listed in Table  1 from Tafili et al. (2023b). The 
interaction between the pile and the soil is represented by a frictional 
contact formulation following the standard Coulomb model. Here, the 
friction coefficient is defined as tan(1∕3𝜑c), where 𝜑c = arcsin(3𝑀c∕(6+
𝑀c)) denotes the critical state friction angle of the soil. This choice was 
made due to current limitations in the availability of advanced contact 
models for CEL analyses. Moreover, the interaction was assumed to be 
dominated by normal contact forces. As the objective of this work is to 
reproduce general trends observed in the limited available experimen-
tal and field data, simplified assumptions were necessary. Nonetheless, 
the use of more advanced contact models would be appropriate for 
future studies aiming to capture interface behaviour in greater detail, as 
proposed by Aguiar et al. (2011), Duriez and Vincens (2015), Fakharian 
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Fig. 15. Top and side view of the model for simulating pile penetration and boundary 
conditions with lengths given in m.

and Evgin (2000), Hu and Pu (2003), Liu et al. (2014), Arnold and 
Herle (2006) and Stutz et al. (2017).

The simulation of the penetration process is performed under dis-
placement control in three sequential steps. In the first step, the initial 
boundary conditions and the earth pressure at rest are established. 
The second step applies the gravitational forces to the system, with 
the pile still positioned above the soil. In the third step, the vertical 
displacement of the pile is initiated by imposing a velocity 𝑣𝑧 of 1m/s 
at the reference point 𝑅𝑃 , as illustrated in Fig.  15. The selected mesh, 
consisting of 33,503 elements, was identified as the optimal configura-
tion, providing an effective balance between computational efficiency 
and mesh independence. With this mesh, the total computation time 
was 5.72 h using 12 cores.
9 
Fig. 16. Penetration resistance over pile outer diamater: comparison of simulations 
and field data of jacked open-ended tubular piles in fine-grained soils.

Fig. 17. Penetration resistance over pile base surface area: comparison of simulations 
and field data of jacked open-ended tubular piles in fine-grained soils.

5.2. Comparison with existing studies

The available data on jacking open-ended tubular piles into fine-
grained soils remain limited. Table  4 provides an overview of the few 
published studies, detailing the pile outer diameter, wall thickness, and 
soil consistency for each test.

Field and laboratory jacking tests have been reported by Wang 
et al. (2021, 2022) and Song et al. (2022). Additional field tests were 
conducted by Doherty et al. (2010), Doherty and Gavin (2011), whose 
data were later used to validate the approach proposed by Wiesenthal 
and Henke (2024, 2025); however, it is important to note that penetra-
tion forces near the surface were not recorded in their measurements. 
Instead of employing an FE model, Bai et al. (2024) simulated the pile 
installation process using the discrete element method (DEM).

All tests involve fine-grained soils. However, the soil stiffness and 
overconsolidation levels vary substantially across the studies. Despite 
these differences, comparison of the simulation results of this study 
with the available data shows that the predicted penetration forces fall 
within a realistic and plausible range, as illustrated in Figs.  16 and 17.

5.3. Results and discussion

The analysis focuses on the impact of soil anisotropy and overcon-
solidation on pile behaviour during the penetration process. Anisotropic 
conditions were controlled by varying the anisotropic coefficient 𝛼. 
Values of 𝛼 < 1 represent conditions where horizontal stiffness is 
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Fig. 18. Void ratio and horizontal stress distribution before and after pile penetration.
Fig. 19. Penetration resistance as a function of penetration depth for different values 
of the anisotropy coefficient 𝛼.

Fig. 20. Penetration as a function of penetration depth with varying OCR.
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less than vertical stiffness, 𝛼 > 1 indicates greater horizontal than 
vertical stiffness, and 𝛼 = 1 corresponds to isotropic stiffness conditions. 
Fig.  18 shows the void ratio distribution in the soil before and after 
pile penetration, below the initial ground surface. The soil has been 
compacted both within and around the pile. When comparing isotropic 
stiffness conditions (𝛼 = 1) with anisotropic stiffness (𝛼 = 1.5), only 
minor differences in void ratio are observed. This is likely due to the 
dominance of vertical loading during pile penetration, which primarily 
induces vertical strains. Since varying 𝛼 alters only the horizontal 
stiffness while the vertical stiffness remains constant, the overall com-
paction behaviour is not strongly affected. Nevertheless, slightly more 
pronounced compaction can be identified in the anisotropic case, which 
is consistent with the increased horizontal confinement. These trends 
in void ratio correspond well with the horizontal stress distributions 
shown in the magnified views in Fig.  18.

Fig.  19 demonstrates how penetration resistance 𝐹  and vertical 
displacement 𝑧 vary with changes in 𝛼. The simulations show that 
penetration resistance slightly increases with higher 𝛼 reflecting the 
expected rise in horizontal stiffness. However, the effect remains mod-
est, as the penetration process is predominantly governed by vertical 
loading, and the soil’s vertical stiffness is unaffected by changes in 𝛼.

Fig.  20 presents the simulation results for OCR ranging from 1.5 to 
10, plotted as pile resistance versus vertical pile displacement. The re-
sults show a clear increase in soil resistance when transitioning from the 
normally consolidated state (OCR = 1) to overconsolidated states (OCR 
> 1). This trend is consistent with expectations, as overconsolidated 
soils typically exhibit reduced compressibility and enhanced shear 
strength. Overall, the applied AVISA model captures the characteristic 
behaviour of fine-grained soils, realistically reflecting the decrease in 
compressibility and the increase in shear strength with rising OCR.

Further simulations were carried out for varying OCR and different 
pile outer diameters. The resulting normalised penetration resistances 
are plotted against penetration depth in Fig.  21. This representation 
facilitates the development of empirical approximations to characterise 
normalised penetration resistance across different pile geometries and 
OCR. The observed trends are well captured by the following function, 
which reflects the nonlinear increase in penetration resistance with 
depth: 

𝐹
𝛾𝑧0𝐴base

= 4.4
(

1 − 𝑒−5.95
𝑧
𝐷

0.69
)(

𝐴base

𝐷2

)−0.74
OCR0.36. (8)

To avoid unrealistically large values when the pile tip is located 
near the ground surface, a reference depth 𝑧  is introduced in the 
0
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Fig. 21. Normalised penetration resistance versus penetration depth for varying OCR values.
normalisation. This ensures numerical stability and physical plausibility 
of the approximation across shallow and deep penetrations. 
𝑧0 = 1m + 𝑧 (9)

In summary, this section presented numerical LDFE CEL simulations 
of open-ended tubular pile penetration into Frankfurt clay. The results 
demonstrate significant influences of the surrounding soil conditions, 
particularly when comparing isotropic and anisotropic stiffness as well 
as varying OCR. While anisotropy exerted only a minor effect on pile 
resistance and void ratio, the impact of overconsolidation was sub-
stantial. Specifically, pile resistance increased by more than 100% in 
highly overconsolidated soils, underscoring the necessity of accounting 
for OCR in penetration modelling.

6. Conclusion and outlook

The AVISA model has been successfully reformulated for explicit 
large deformation simulations, capturing both stiffness anisotropy and 
overconsolidation effects. Its performance was demonstrated in two 
applications: an explicit dynamic Lagrangian analysis of crane stability 
during uppercarriage rotation, and a CEL simulation of tubular pile 
penetration. In both cases, the simulation results showed good qual-
itative agreement with experimental data and analytical predictions, 
confirming the plausibility of the model. The AVISA model reliably 
reflects the increase in penetration resistance and construction machine 
stability associated with a higher horizontal stiffness and overcon-
solidation ratio. Moreover, the simulations enabled the derivation of 
simplified relationships linking system response to OCR and anisotropy, 
providing a valuable tool for preliminary design evaluations.

While the findings highlight the potential of the AVISA model, 
further laboratory and field investigations are planned to validate the 
model across a wider range of soil types and loading conditions. In 
particular, targeted cyclic loading experiments will help to evaluate 
AVISA’s ability to capture both rate-dependent and rate-independent 
behaviour under repeated or dynamic loading in large deformation 
scenarios.
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 Nomenclature
 Symbol/abbreviation Explanation Symbol/abbreviation Explanation  
 𝐴base Base surface area tan 1

3𝜑c Friction coefficient  
 AVISA Anisotropic Visco ISA model 𝑢𝑧,𝐴 Vertical displacement at point A  
 𝑐𝑏 = 𝑓 (𝜀̇) Back-intergranular strain tensor 𝑢𝑧,𝐵 Vertical displacement at point B  
 𝐶𝑎 Accumulation rate factor 𝑢𝑧,𝐶 Vertical displacement at point C  
 CEL Coupled Eulerian–Lagrangian UMAT User Material  
 𝐷 Pile outer diameter VUMAT Vectorised User Material  
 𝑑𝑝 Penetration depth 𝑣max Maximum lateral velocity  
 𝑒i0 Reference void ratio 𝑣z Velocity  
 𝐸 Young’s modulus 𝑦h Scalar intergranular strain factor  
 𝐸s Secant modulus 𝑌 Degree of nonlinearity  
 𝖤 = 𝑓 (𝝈, 𝑒) Transversal hypoelastic stiffness tensor 𝑧 Vertical displacement  
 𝐸v Young’s modulus, vertical direction 𝑧0 Reference depth  
 EVF Eulerian Volume Fraction 𝛼 Anisotropic coefficient  
 𝐹 Penetration resistance 𝛼̇ Stress rate tensor  
 𝑓b0 Loading surface factor 𝛽0 ISA strain hardening parameter  
 FE Finite Element 𝛾 Unit weight  
 FEM FE Method 𝛥𝑡crit Time step  
 𝐅h = 0 Intergranular strain state 𝜀 Strain  
 on yield surface 𝜀𝑎 Damage strain rate  
 during plastic flow 𝜀̇ Total strain rate  
 𝐺v Shear modulus, vertical direction 𝜀̇hp Hypoplastic strain rate  
 ℎb = 𝑓 (𝜀̇, 𝑐b) Intergranular strain tensor 𝜀̇vis Viscous strain rate  
 𝐼v Viscosity index 𝜅 Swelling index  
 IGA Intergranular strain 𝜆 Compression index  
 ISA Intergranular Strain Anisotropy 𝜆0 Minimum accumulation exponent  
 𝐿 Length 𝜆max Maximum accumulation exponent  
 LDFE Large deformation FE (analysis) 𝜈 Poisson’s ratio  
 𝐿el Characteristic element length 𝜈h Poisson’s ratio, horizontal direction 
 𝑚 = 𝑓 (𝜎) Stress dependant flow rule 𝜌 Unit weight  
 𝑀c Critical state slope 𝜌s Dry unit weight  
 MC Mohr–Coulomb 𝝈̇ Stress rate tensor  
 𝑚R Stiffness factor 𝜙 Slewing angle  
 𝑛OCR Viscous exponent 𝜙complete 45 ◦ rotation of the uppercarriage  
 OCR Overconsolidation ratio 𝜙max Maximum uppercarriage rotation  
 𝑝′ Mean effective stress plane 𝜑 Internal friction angle  
 𝑝ref Reference pressure 𝜑c Critical friction angle  
 𝑞 Deviatoric stress 𝜒 Exponent  
 𝑅 ISA yield surface radius 𝜒0 Minimum exponent  
 𝑅 Pile resistance 𝜒max Maximum exponent  
 RMSE Root Mean Square Error 𝜓1 Tilt  
 𝑅𝑃 Reference point 𝜓2 Roll  
 𝑡 Pile wall thickness 𝑤L Liquid limit  
 𝑡0 Reference time 𝑤P Plastic limit  
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