
                                                                    

University of Dundee

Proceedings of the 18th UK Travelling Workshop

Ciantia, Matteo; Previtali, Marco; Bolton, Malcolm

DOI:
10.20933/100001228
10.20933/100001228

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link to publication in Discovery Research Portal

Citation for published version (APA):
Ciantia, M., Previtali, M., & Bolton, M. (Eds.) (2021). Proceedings of the 18th UK Travelling Workshop:
GeoMechanics: from Micro to Macro (GM3), Dundee, 2021. (GM3 Travelling Workshop Proceedings; No. 1).
University of Dundee. https://doi.org/10.20933/100001228, https://doi.org/10.20933/100001228

General rights
Copyright and moral rights for the publications made accessible in Discovery Research Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.

 • Users may download and print one copy of any publication from Discovery Research Portal for the purpose of private study or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain.
 • You may freely distribute the URL identifying the publication in the public portal.
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.20933/100001228
https://doi.org/10.20933/100001228
https://discovery.dundee.ac.uk/en/publications/584c33a4-1597-41d7-9078-888fcd57ed03
https://doi.org/10.20933/100001228
https://doi.org/10.20933/100001228


Proceedings of the 18th UK Travelling Workshop – GeoMechanics: from Micro to Macro (GM3), Dundee, 2021 

 

Analysis of stress paths around piles subjected to cyclic lateral loading: FE 

analysis and laboratory testing  

Xiaoyang Cheng*, Andrea Diambra1, Erdin Ibraim1 

1 CAME School of Engineering, University of Bristol, Bristol, UK. 

*jr18518@bristol.ac.uk 

Key words: large-diameter piles, stress paths, cyclic loading, laboratory element testing, finite 

element, accumulated deformations. 

Abstract 

The account for the long-term cyclic response of soil and the prediction of cyclically induced 

accumulated deformations are significantly important in the design of pile foundations for offshore 

wind turbines, which must satisfy strict operational and serviceability criteria during the cyclic loading 

imposed by storm events. Using 3D finite element analyses, equipped with the latest constitutive 

modelling development for soil subjected to cyclic loading, this paper investigates the stress paths 

experienced by soil elements nearby large-diameter monopiles. It is found that these soil elements 

follow multiaxial stress paths, featuring rotation of principal stress axes and gradually evolving towards 

steady stress cycles as the cyclic lateral pile loading proceeds. The necessity of considering the effect 

of cyclic rotation of principal stress axes on soil response under stress conditions mimicking those 

obtained from numerical results, is further demonstrated by a series of multiaxial tests performed using 

the hollow cylinder torsional apparatus (HCTA). 

1. Introduction 

Following the extensive development of offshore renewable energy plants, consisting mainly in 

offshore wind farms, the behaviour of large diameter piles subjected to cyclic lateral loading has 

attracted an enormous interest among researchers and practitioners. The offshore energy market, in 

search of more wind power production through larger turbines in deeper water sites, has recently 

conceived XL monopile sizes in excess of 10m for the recently installed wind turbine with capacity 

currently up to 14-15MW. Design procedures of this foundation type fully rely on finite element 

methodologies, appropriately calibrated using in-situ or laboratory test results. To optimise the design 

procedures, it is indeed desirable that laboratory tests mimic the stress path experienced by critical soil 

elements around the geotechnical structure.  

Laboratory tests used in monopile design procedures are conducted under simplified assumptions of the 

stress states around the laterally loaded pile. Typically, the soil elements in front of a laterally loaded 

pile are considered to be subjected to horizontal triaxial compression loading, while pure tangential 

shearing is experienced by elements on the side of the pile (Randolph and Houlsby, 1984, Fan and 

Long, 2005, Won et al., 2015 and Ahmed and Hawlader, 2016). However, the stress state of soil 

surrounding a laterally loaded pile is expected to be more complex and rotation of principal stress axes 

within the soil around the pile invariably occurs (i.e. Andersen, 2013). Neglecting the influence of 

rotation of principal stress axis can cause underestimation of accumulated strain of soil. This is 

confirmed by (Wichtmann et al., 2007, Tong et al., 2010 and Mandolini et al., 2020).  

A research project is carried out at University of Bristol to investigate the real stress paths induced in 

soil elements around large-diameter pile subjected to cyclic laterally loaded through advanced 3D finite 

element modelling and element laboratory testing. The particular focus of this extended abstract is on 

the behaviour and stress paths of soil elements collinear with the direction of lateral pile loading. Figure 

1 provides an overview of the research strategy. Using advanced 3D FE analyses, the stress path 

experienced by specific soil elements around the foundation are extracted and analysed. Similar stress 

paths (red line in Figure 1) are then applied in element testing to evaluate the potential implications and 
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observable behavioural features. Following a preliminary analysis of the stress conditions from FE, the 

Hollow Cylinder Torsional Apparatus (HCTA) has been selected to closely reproduce the extracted 

stress paths. 

 

Figure 1: 3D Finite element model and stress path on soil elements. 

2. Methodologies and experimental apparatus 

3D FE analyses: The 3D FE analysis has simulated a monopile configuration for a 8 MW capacity 

wind turbine. The hollow steel pile foundation features a diameter D=8.0m, embedded length L=27.0m 

and wall thickness t=0.062 m. The soil profile is an homogenous medium dense sand modelled using 

the SANISAND memory surface models by (Liu et al., 2019) which include the cyclic memory surface 

development developed by Corti et al., 2015). More information can be found in (Cheng et al., 2021) 

Experimental testing: Details of the HCTA sample dimension, material, loading conditions in this 

investigation can be found in (Cheng et al., 2021).  

3. Results 

Using the 3D FE analysis, the stress path experienced by five soil elements with varying distance and 

depth in line with the loading direction are extracted, as shown in Figure 2. The stress paths for the 

investigated soil elements at different distances are summarised in Figure 2a in the conventional τxz/p 

verses (σx – σz)/(2p) plane for the analysis of hollow cylinder torsional tests (please note that p is the 

mean isotropic stress). All stress paths start from anisotropic state. Application of the lateral pile loading 

induces an inclined stress path, which progressively moves towards the positive side of the (σx – σz)/(2p) 

axis to apparently reach steady stress cycles. Such stress path produces a rotation of principal stress 

axes. The influence of the depth is presented in Figure 2c for soil elements at a fixed distance (x/R = 

1.375, where R is the pile radius) from the pile. It is noticeable that the inclination of the stress path 

increases with the depth while the amplitude of the stress loop decreases. Element EB, which is on the 

back of the pile, is characterised by a opposite cyclic loading direction due to the reversed sign of the 

shear stresses. 

 

Figure 2: a) Schematic representation of stress paths imposed in the HCTA. b) stress path at different distance. c) stress path 

at different depth. 
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Three multiaxial cyclic tests have been performed using the HCTA to simulate the stable cyclic stress 

conditions after a large number of cycles and investigate the influence of combined normal and torsional 

shear stress (as opposed to the application of only normal stress in a conventional triaxial test). The 

applied stress paths are shown in Figure 3. All the soil samples have been firstly subjected an isotropic 

stress state (Point A in Figure 3) and then an anisotropic stress condition has been reached by applying 

an additional deviatoric axial stress (Point B in Figure 3). From this common point, three tests 

simulating the a  itional e  ect o  torsional stress c cles    i  osin  Δσx and Δτxθ (Point C1, C2 and 

C3 in Figure 3) to achieve re-orientation o   rinci al a is ασc are conducted. All the tests mobilise a 

similar friction angle (φm ≈28°) at the top of the loading cycle.  

 

 

Figure 3: Schematic representation of stress paths imposed in the HCTA tests. 

 

Figure 4 presents the accumulated axial strain (ɛx) and deviatoric strain (ɛq) up to 30000 applied cycles. 

As shown in Figure 4a, the rotation of principal stress has a remarkable influence on the accumulated 

axial strains ɛx due to the coupling effect between cyclic torsional and normal stresses. A significant 

increase in accumulated deviatoric strain is also observed for higher ασc in Figure 4b, which 

demonstrates the importance of considering the rotation of principal stress axes. It may be conjectured 

that the application of cyclic shear stress (i.e. rotation of principal stress axes) may break some of the 

forces chain within the sample and trigger an increase in the cyclic axial deformations. 

 

Figure 4: a) Evolution of axial strain versus number of cycles for the three tests. b) Evolution of deviatoric strain versus number 

of cycles for the three tests. 

 

It follows that it may be important to capture the observed experimental features in soil constitutive 

models to accurately simulate the pile-soil interaction. The experimental results also suggest that lateral 

deformation of the pile under cyclic loading, somehow linked to the accumulated deformation in the 

soil, may be the results of both the cyclic variation of normal stresses and the induced cyclic shear 

stresses.  
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4. Conclusions 

This research has presented a numerical analysis on stress path experienced by soil element around a 

pile subjected to cyclic lateral loading, with particular attention on those elements collinear with the 

loading direction. The variation of four stress components (three normal stress and one shear stress) is 

observed for these soil elements. Typical stress paths are extracted from the numerical results. The 

obtained stress paths are simulated through cyclic HCTA tests employing a stress conditions starting 

from an initial anisotropic purely deviatoric state and featuring stress cycles characterised by 

simultaneous variation of axial and torsional stresses. Larger increase of accumulative strain was found 

for higher ασc, suggesting that cyclic rotation of principal stresses has a significant effect on the 

accumulated strain of the soil. This feature may be worth of consideration when modelling soil-pile 

interaction. 
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